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Polymer–layered silicate nanocomposites based on a variety of polymer matrices 
and several organoclays were prepared by melt processing.  
A detailed characterization of the thermal degradation of several commercial and 
experimental organoclays often used to form polymer nanocomposites was reported. The 
surfactant type, loading, and purification level of organoclay significantly affect their 
thermal stability; however, broadly speaking, the results suggest that these differences in 
thermal stability do not appear to have much effect on the morphology and properties of 
the nanocomposites formed from them. It seems that the thermal stability of organoclays 
is not the key factor in organoclay exfoliation in melt processed polymer 
nanocomposites, since the exfoliation /dispersion process may have been completed on a 
time scale before the degradation of surfactant progresses to a detrimental level.  
Polymer nanocomposites have been made from a variety of polymers; however, 
few matrices have demonstrated the ability to readily exfoliate the organoclay as well as 
nylon 6, especially for highly hydrophobic materials like polyolefins. Hence, a significant 
 viii
part of this research work was devoted to explore various routes to improve polyolefin-
organoclay interactions, and thus, organoclay exfoliation in these systems.  
Amine grafted polypropylenes and a conventionally used maleic anhydride 
grafted polypropylene were used as compatibilizers for polypropylene based 
nanocomposites to improve the organoclay exfoliation. A series of ethylene vinyl acetate 
copolymers, the polarity of which can be adjusted by varying their vinyl acetate contents, 
based nanocomposites were prepared as the model system to address the relationship 
between the polarity of the polymers and their preferences over various organoclay 
structures. Attempts were made to explore the effect of degree of neutralization of acid 
groups in ionomers on the morphology and properties of nanocomposites, and it seems 
that the ionic units on the polymer chain provide a more favorable interaction between 
the polymer matrix and the organoclay compared to acid units and, thus, lead to better 
dispersion of the clay particles. It was determined that surfactants whose structure lead to 
more shielding of the silicate surface result in improved levels of exfoliation in all the 
above mentioned unmodified and modified polyolefin based nanocomposites. 
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Chapter 1:  Introduction 
Polymer nanocomposites are emerging as a new class of industrially important 
materials. In contrast to conventional composites, very low concentrations (2~5 vol%) of 
nanometric-sized filler particles can lead to remarkable improvements in performance, 
such as increased strength and heat resistance [1], decreased gas permeability [2-6] and 
flammability [7-9], and increased biodegradability of biodegradable polymers [10]. At 
the same time, these improvements can be realized without significantly increasing the 
density of the polymer or changing its optical properties, and the resulting materials still 
retain their processibility due to the low loadings of the fillers. All of these benefits make 
these materials exciting prospects for a variety of broad applications, such as automotive, 
electronics, food packaging, biotechnology and many others. For these reasons, polymer 
nanocomposites have attracted interest in both industrial and academic laboratories in 
recent years. 
BACKGROUND 
Clay and Organoclay 
Nanoparticles used in polymeric nanocomposites have been divided into three 
categories defined in terms of the number of dimensions of their nanometer size, i.e., one 
dimension (platelets), two dimensions (fibers), and three dimensions (spherical particles). 
Layered-nanoparticles that can be exfoliated into a dispersion of individual platelets are 
of main interest here.  The nano-sized fillers dealt with in this PhD project are sourced 
from sodium montmorillonite, which has a layered structure with an average thickness of 
0.94 nm and lateral dimensions as large as hundreds of nanometers. That is to say, they 
have a high aspect ratio. They also have very high surface area and stiffness. The sodium 
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montmorillonite is a member of the 2:1 layered smectite family of clays, which are 
composed of a sandwich type structure with two tetrahedral sheets fused to a central 
octahedral sheet. In the case of montmorillonite, the tetrahedral sheets are composed of Si 
oxide, while the octahedral sheet is comprised of Al, Mg, and Fe oxides and hydroxides. 
The structure of the sodium montmorillonite is shown in Figure 1.1. Montmorillonites are 
structurally derived from pyrophyllite [Si8Al4O20(OH)4] or talc [Si8Mg6O20(OH)4] by 
substitutions mainly in the octahedral layers, e.g., trivalent Al can be substituted by 
divalent Mg or monovalent Li, which results in some excess negative charges [11]. The 
charge imbalance is compensated by the presence of cations, such as Na+, Ca2+ and K+, 
absorbed between the three-sheets. The cations are stoichiometric, but held relatively 
loosely and readily exchanged by other cations. The triple-sheet layers are stacked onto 
each other with the interlamellar gallery between them and form bundles of a few 
microns. (see Figure 1.2) 
 
 
Figure 1.1: Structure of sodium montmorillonite. 
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Figure 1.2: Illustration of clay particles and clay platelets. 
Generally, the normally hydrophilic silicate surface can be converted into a 
relatively organophilic one by ion-exchange reactions with cationic surfactants, such as 
primary, secondary, tertiary, and quaternary alkylammonium cations, making dispersion 
in many engineering polymers possible. (see Figure 1.3). Alkylammonium cations in the 
organosilicates lower the surface energy of the inorganic host and improve the wetting 
characteristics of the polymer matrix and result in a larger interlayer spacing. 
Additionally, the alkylammonium or alkylphosphonium cations can provide functional 
groups that can react with the polymer matrix. 
 
Figure 1.3: Formation of organoclay through cationic reaction. 
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Exfoliation of Organoclay in polymer matrix 
To take advantage of the high aspect ratio and high surface area of these silicate 
platelets, the key is to exfoliate the individual platelets in the polymer matrix. High levels 
of exfoliation require favorable polymer/clay interactions. Despite the fact that an 
organoclay is easier to exfoliate than native sodium montmorillonite, many other factors, 
such as processing conditions, chemical structure of the surfactant used to form the 
organoclay and the properties of the polymer matrices must also be considered to form 
well exfoliated nanocomposites.  
Efforts have been made globally starting from two major findings: first, the report 
from the Toyota research group of a Nylon-6/montmorillonite (MMT) nanocomposite 
[12], in which very small amounts of layered silicate loadings resulted in pronounced 
improvements of thermal and mechanical properties; second, Vaia et al. [13] found that it 
is possible to melt blend polymers with layered silicates without using organic solvents. 
Until now, there have been some advances in these areas but the process of organoclay 
exfoliation is still not fully understood.  
Polymer organoclay nanocomposites can be basically classified as immiscible, 
intercalated and exfoliated according to the status of the organoclay dispersion as shown 
in Figure 1.4.  
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Figure 1.4: Formation of polymer organoclay nanocomposites. 
Preparation of polymer nanocomposites 
To date, there are three principle techniques for producing polymer layered 
silicate nanocomposites: (1) in situ polymerization, (2) solvent blending, and (3) melt 
processing. 
Although in situ polymerization techniques using layered silicates [14, 15] had 
been known for a very long time, it was not until the early 1980’s that superior polymer 
nanocomposites were produced by researchers at Toyota research group [12]. They first 
reported the ability of ωα , -amino acids (COOH–(CH2)n-1–NH2+, with n = 2; 3, 4, 5, 6, 8, 
11, 12, 18) modified Na-MMT to be swollen by the 1- caprolactam monomer at 100 oC 
and subsequently initiate its ring opening polymerization to form PA-6/MMT 
nanocomposites [16]. For the intercalation of 1-caprolactam, they chose the ammonium 
 + 
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cation of ω -amino acids because these acids catalyze ring-opening polymerization of 1- 
caprolactam; thus, the nylon 6 chains ionically bonded to the aluminosilicate platelets are 
formed and the growth of these polymer chains forces the platelets apart until exfoliation 
is accomplished. Toyota’s findings have stimulated many subsequent nanocomposite 
formation studies. 
Solvent blending technique is based on a solvent system in which the polymer or 
pre-polymer is soluble and the silicate layers are swellable [17-19]. Low concentrations 
of organoclays are first dispersed in a solvent, such as water, chloroform, or toluene, in 
which a polymer is soluble. Due to the weak attractions between the silicate layers in this 
suspension system, the polymer chains intercalate and get adsorbed onto the surface of 
the individual silicate platelets. Upon solvent removal, the intercalated structure remains, 
resulting in the formation of polymer nanocomposites. 
Melt processing is the preferred approach for preparing nanocomposites based on 
thermoplastic polymers and was adopted as the method of producing polymer 
nanocomposites in this PhD work. This process is more economic and much closer to the 
ultimate product manufacturer not requiring a large polymer production line, and it is 
better suited for rapid changes of formulation (e.g., selection of polymer matrices, choice 
of organoclay, and level of reinforcement). Vaia et al. suggested that intercalation can be 
improved through the aid of conventional processing techniques [20, 21]. 
Nanocomposites have been successfully prepared using a variety of shear devices, e.g., 
extruders, mixers, and ultrasonicators. Of these melt processing equipments, twin screw 
extrusion has proven to be most effective for the exfoliation and dispersion of the silicate 
platelets due to the high shear force it can provide during the blending. 
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SCOPE OF THE DISSERTATION 
This PhD project is aimed at addressing a number of fundamental issues 
associated with the melt processing of polymer nanocomposites. Thermal degradation of 
both the organoclay and the polymer matrix is one of the major concerns especially due 
to the melt processing technique employed in this study. Polymer nanocomposites have 
been made from a variety of polymers; however, few have demonstrated the ability to 
readily exfoliate the organoclay as well as does nylon 6. Another major part of this PhD 
project is dedicated to improving the organoclay exfoliation in non-polar polyolefin 
matrices.  
This dissertation is divided into nine chapters. Chapter 2 gives a description on 
the materials used and an overview of the experimental techniques employed to prepare 
and characterize the nanocomposites investigated in this study, which will help in the 
understanding of the results and conclusions presented thereafter. Chapters 3 and 4 
evaluate the thermal stability of organoclays with various purity levels and different 
chemical structures, and the effects of organoclay purity along with their thermal stability 
on morphology and properties of nanocomposite are also discussed in detail. Chapter 5 
explores the possible advantages of using the much more thermally stable imidazolium 
organoclay as opposed to the corresponding ammonium organoclay with similar chemical 
structure to form the nylon 6 or polycarbonate based nanocomposites via melt processing 
at high temperatures. Chapter 6 through Chapter 8 are devoted to understanding the 
relationship between organoclay structure and the morphology and mechanical properties 
of polyolefin based nanocomposites and improving the organoclay exfoliation in these 
non-polar polymer matrices. Chapter 6 introduces an amine grafted polypropylene as a 
compatibilizer for polypropylene based nanocomposites in an effort to improve the 
organoclay exfoliation, and a comparison of its compatibilizing effect with that of the 
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conventionally used maleic anhydride grafted polypropylene was made. Chapter 7 
addresses an interesting relationship between the polarity of the polymers and their 
preferences over various organoclay structures by using a series of ethylene vinyl acetate 
copolymers, the polarity of which can be adjusted by varying their vinyl acetate contents, 
based nanocomposites as the model system. Attempts are made in Chapter 8 to explore 
the effect of degree of neutralization of acid groups in poly (ethylene-co-methacrylic 
acid) ionomers on the morphology and properties of nanocomposites formed from them, 
and several organoclays are employed to understand the effect of surfactant structure on 
exfoliation in these ionomers. Finally, Chapter 9 summarizes the general conclusions 
from the current research work, and recommendations for future work are included as 
well. 
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Chapter 2:  Experimental – materials and techniques 
An overview of the materials used and the experimental techniques employed to 
prepare and characterize the nanocomposites formed in this study are outlined in this 
chapter. Procedures and materials specific to a study will be discussed further in the 
chapter pertaining to that subject. 
MATERIALS 
Polymers 
Although several nanocomposites prepared from polyamide 6 and polycarbonate 
are involved in some of the studies of this PhD work, the major effort was placed on 
exploring the morphology and property relationship of nanocomposites from polyolefins 
and their modified/copolymerized versions. The polymers used in this work are described 
in Table 2.1.   
Table 2.1: Polymers used in this work 
Polymer class Designation Commercial 
grade 
Supplier Select specification 
Polypropylene PP Pro-Fax 
PH020 
Basell MI = 37 
density  = 0.902 g/cm3 
Low density 
polyethylene 
LDPE LF-0219-A 
 
Novapol 
 
MI = 2.3 
density  = 0.918 g/cm3 
melting point = 107 oC 
Maleic 
anhydride 
grafted 
polypropylene 
PP-g-MA PB3200 Crompton MI = 105 
density  = 0.91 g/cm3 
MA content =1.0 wt% 
EVA-9.3 Elvax® 760Q DuPont MI = 2.0 
density  = 0.93 g/cm3 
acetate content =9.3 wt% 
melting point = 100 oC 
Ethylene 
vinylacetate 
copolymers 
EVA-18 Elvax® 460 DuPont MI = 2.5 
density  = 0.941 g/cm3 
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acetate content =18 wt% 
melting point = 88 oC 
EVA-28 Elvax® 265 DuPont MI = 3.0 
density  = 0.951 g/cm3 
acetate content =28 wt% 
melting point = 73 oC 
EVA-40 Elvax® 40L-
3 
DuPont MI = 3.0 
density  = 0.966 g/cm3 
acetate content =9.3 wt% 
melting point = 58 oC 
Poly(ethylene-
comethacrylic 
acid) 
 
EMAA Nucrel® 925 DuPont MI = 25 
acid content =15 wt% 
Ionomer 1 Experimental DuPont MI = 47.7 
acid content =15 wt% 
neutralization % = 20 
Ionomer 2 Experimental DuPont MI = 24.9 
acid content =15 wt% 
neutralization % = 30 
Ionomer 3 Experimental DuPont MI = 12.6 
acid content =15 wt% 
neutralization % = 40 
Ionomer 4 Experimental DuPont MI = 5.93 
acid content =15 wt% 
neutralization % = 50 
Ionomer 5 Experimental DuPont MI = 2.29 
acid content =15 wt% 
neutralization % = 60 
Sodium 
ionomer of 
Poly(ethylene-
comethacrylic 
acid) 
 
Ionomer 6 Experimental DuPont MI = 0.98 
acid content =15 wt% 
neutralization % = 70 
Potassium 
ionomer of 
Poly(ethylene-
comethacrylic 
acid) 
 
Ionomer 7 Experimental DuPont MI = 1 
acid content =15 wt% 
neutralization % = 80 
Polyamide 6 PA-6 Capron 
B135WP 
Honeywell MI = 1.2 
Polycarbonate PC Iupilon 
E2000FN 
Mitsubishi - 
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Organoclays 
Organically modified clays, formed by ion exchange reaction between sodium 
montmorillonite (Na-MMT) and ammonium surfactants, were generously donated by 
Southern Clay Products, Inc. The selected organoclays are listed in Table 2.2. A similar 
nomenclature system as used in prior papers [1-4] is adopted to describe the chemical 
structure of the ammonium cations in a concise manner. The letters M, B and (HE) 
represent methyl, benzyl, and 2-hydroxyethyl substituents, respectively. The letter T 
represents tallow, derived from natural products, which is predominantly composed of 
chains with 18 carbons (~ 65 %); while HT denotes the tallow-based product in which the 
majority of the double bonds in these materials have been hydrogenated. The level of the 
surfactants added to the clay is designated by the milliequivalent ratio (MER) defined as 
the milliequivalents of surfactant per 100 g of clay [1].  
Table 2.2: Organoclays used in this study 
Organoclay 
commercial 
designation1  
Surfactant used to  
make the organoclay4 
Molecular  
weight  of  
surfactants2 
(Anion included) 
Organic loading in
the Organoclay3,  
MER (mequiv. 
/100 g of clay) 
SCPX 3056 M1(HT)3 
N+ HT
M
HT
HT
Cl-
 
949 95 
Cloisite® 20A 95 
Cloisite® 15A 125 
Cloisite® 6A 
M2(HT)2 
N+ HT
M
M
HT
Cl-
 
570 
140 
SCPX 1137 M3(HT)1 
N+ M
M
M
HT
Cl-
 
340 95 
SCPX 2730 M3(C16)1 319.45 100 
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N+ M
M
M
C16
Cl-
 
95 Experimental M2(HT)2 
N+ HT
M
M
HT
MeSO4-
 
645 
140 
Cloisite® 30B (HE)2M1T1 
N+ T
CH2CH2OH
M
CH2CH2OH
Cl-
 
394 90 
Cloisite® 10A M2(HT)1B1 
N+ CH2
M
M
HT
Cl-
422 125 
Experimental M3(C18)1 
N+ M
M
M
C18H37
Cl-
 
347.5 95 
Experimental Imidazolium (C18)1 
N N
M C18H37
Cl-
(Experimental) 
418.5 95 
Notes: 
1. All the organoclays used in this study are generously donated by Southern Clay 
Products, Inc. 
2. The molecular weights of the surfactants are obtained from Akzo Nobel. 
3. The organic loadings shown here are values reported by Southern Clay Products, Inc. 
4. The symbols M = methyl, H = hydrogen, T = tallow, (HT) =hydrogenated tallow, (HE) 
= 2-hydroxy-ethyl, and B = Benzyl. 
PROCESSING (EXTRUSION AND INJECTION MOLDING) 
Prior to melt processing, the polymers were dried in a vacuum oven for a 
minimum of 16 hours, while the organoclays were used as received. Most of the 
nanocomposites were prepared by melt compounding in a Haake, co-rotating, 
intermeshing twin screw extruder (D = 30 mm, L/D = 10) at a screw speed of 280 rpm 
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with a feed rate of 900-1200 g/h. Tensile (ASTM D638) and Izod specimens (ASTM 
D256) were formed using an Arburg Allrounder 305-210-700 injection molding machine. 
When the supply of materials is limited, melt mixing and molding are done on a DSM 
Micro-5 melt compounder with 5 cm3 labeled capacity and intermeshing, co-rotating twin 
screws at a screw speed of 100 rpm with the protection of an extra dry N2 purge. Small 
test bars with dimensions of 0.32×1.00×7.10 cm3 are formed using a DSM micro-
injection molding machine. After molding, the specimens were immediately sealed in a 
polyethylene bag and placed in a vacuum desiccator for a minimum of 24 hours prior to 
mechanical testing. 
The clay concentrations of the nanocomposites are reported in terms of the weight 
percent montmorillonite (MMT) rather than the amount of organoclay, since the silicate 
is the reinforcing component. The amount of montmorillonite in the nanocomposite was 
determined by placing pre-dried nanocomposite pellets in a furnace at 900oC for 45 min 
and weighing the remaining MMT ash.  
935.0
%
% ash
MMTMMT =                                                     (1) 
The factor of 0.935 in this calculation corrects for loss of water during structural 
rearrangement of the pristine montmorillonite during the analysis; oxidative heating of 
the clay has been previously shown to result in a 6.5 % mass loss [5-7]. 
CHRACTERIZATION 
Morphology 
TEM (particle analysis) 
TEM images were obtained using a JEOL 2010F transmission electron 
microscope operating under an accelerating voltage of 120 kV. Ultra-thin sections (~50 
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nm) were cut from the central part of the rectangular injection molded bars in the plane 
parallel to the flow direction under cryogenic conditions using a RMC PowerTome XL 
microtome. 
To have a quantitative assessment of the relationship between the level of 
organoclay exfoliation and nanocomposite properties, detailed particle analyses were 
conducted on the TEM images using the method described earlier. For the best statistical 
reliability, a large number of particles (>300) should be analyzed for each 
nanocomposite. But this criterion could not be completely fulfilled in cases of poor 
exfoliation, where each image contains only one or two large agglomerates. 
An analysis of the clay particles was conducted on TEM images of selected 
sample. Due to the low contrast of the TEM images, digital image files were saved in .tiff 
or .jpg format, which could be opened in Adobe Photoshop, where the dimensions of the 
dispersed platelets and agglomerates were traced into overlapped transparent layers. Two 
separate tracings were done for each TEM image; one to measure the lengths of the 
particles and the other to measure particle thickness. For some nanocomposites with well-
exfoliated structures, no attempt was made to measure the thickness of single platelets as 
this introduces relatively large errors; these particles were assigned a thickness of 0.94 
nm [8] corresponding to known results for MMT platelets. The two resulting layers can 
be transferred to separate image files with high contrast for accurate analysis by 
SigmaScan Pro, the software used to analyze the traced particles in terms of both length 
and thickness. After analysis, two series of numbers were assigned to the length tracings 
and thickness tracings, respectively, and their characteristic dimensions were exported 
into two separate files. In this work, four kinds of aspect ratios are reported, i.e. the 
number and weight averages of the aspect ratios determined for individual particles 
( ntl >< /  and wtl >< /  ), and ratios of the number or weight averages of particle 
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lengths and thicknesses ( nn tl /  and ww tl / ). Since the measurement of the lengths and 
thicknesses of the particles were performed on different tracings, each particle is assigned 
two different numerical labels. To obtain the aspect ratio of individual particles; a manual 
matching of particles on the tracing for length must be made with particles on the tracing 
for thickness, and then from this file the number and weight averages, ntl >< /  and 
wtl >< / ,  can be calculated. The procedures for particle analysis are illustrated in 
Figure 2.1. 
 
 
Convert into black and white images 
 
 
   
 
Analyze by SigmaScan Pro Software  
 
 
Tracings for 
particle length  
Tracings for 
particle thickness 
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Matching the labels for  
length and thickness 
 
Length 
Labels 
1 2 3 4 5 6 7 8 9 10 11 
Thickness 
labels 
1 2 3 4 7 5 6 9 8 11 10 
Figure 2.1: Illustration of particle analysis procedures. 
WAXS 
The X-ray diffraction scans were obtained in the reflection mode using an 
incident X-ray wavelength of 1.541
o
A  over the range of 2θ  = 1o to 12o. Most of the 
scans were obtained by a Scintag XDS 2000 diffractomer at a scan rate of 1.0 deg/min, 
and some of the scans were obtained using a Bruker-AXS D8 Advance diffractometer at 
a scan rate of 3.0 o/min. The skin of the major faces of the injection molded rectangular 
bars was scanned while the organoclays were analyzed in powder form. 
Mechanical properties 
Tensile 
Tensile tests were performed according to ASTM D696 on an Instron model 1137 
machine upgraded for computerized data acquisition. Modulus values were determined 
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using an extensometer at a crosshead speed of 0.51 cm/min. Elongation at break was 
measured at a crosshead speed of 5.1 cm/min and 0.51 cm/min. Data reported here 
represent an average from measurements on at least five specimens. 
Impact 
Notched Izod impact tests were performed at room temperature using a TMI Izod 
tester (6.8 J hammer and 3.5 m/s impact velocity) according to ASTM D256. It is a 
common practice to cut the Izod bars into half (to generate more samples) and average 
the impact strength data from the “gate end” (the end from which molten polymer enters 
the mold during injection molding) and the “far end”. However, in multi-component 
systems, morphological differences can lead to significant differences between the impact 
strength measured at the gate end and the far end of a sample. Hence, in this study, the 
impact strength data from four samples each from the gate end and the far end of the bar 
were averaged separately. 
Predictions of tensile modulus using composite theory 
Theoretical modeling is an appealing approach for the design of polymer 
nanocomposite systems, and numerous models [9-12] have been proposed to predict the 
properties of nanocomposites or for correlation of experimental data. However, there are 
numerous assumptions implicit within the use of such models that must be kept in mind. 
For example, it is assumed that the polymer matrix is not affected by the presence of the 
filler, the filler is perfectly aligned, the matrix and the filler are isotropic, and there are no 
particle- particle interactions or agglomerations [13].  
The Halpin-Tsai and Mori-Tanaka models are widely used to predict the tensile 
modulus of composites. The Halpin-Tsai equations treat the fillers as rectangular platelets 
of constant thickness; whereas, the Mori-Tanaka theory considers them as ellipsoidal 
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particles and takes account of the Poisson ratios of the filler and the matrix. Previous 
work in this laboratory and others [13-16] have shown that both theories predict similar 
trends for the tensile modulus, but the Mori-Tanaka theory tends to give lower estimates 
of modulus than the Halpin-Tsai equations[7, 14, 16] at low filler loadings. A more 
detailed discussion on the similarities and differences between these two models has been 
given by Fornes et al.[13].  
For simplicity, the Halpin-Tsai equations were employed in this work to relate the 
longitudinal tensile modulus of nanocomposites prepared in this study to the 
nanocomposite morphology determined by TEM. The expression for the longitudinal 
modulus [13, 15, 16] is 
ηφ
ηφ
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TH tl
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+=
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                                                  (1) 
where pE and mE  are the modulus values of the filler particle and matrix polymer 
respectively, pφ  is the volume fraction of the filler particles, ( tl / ) represents the filler 
aspect ratio, and η  is given by  
)/(2)/(
1)/(
tlEE
EE
mp
mp
+
−=η                                                     (2) 
In the model calculations, there are generally two ways of treating the filler 
particles. One is to boldly assume good exfoliation (method 1) with the MMT platelets 
themselves treated as the reinforcing filler particles. In this case, MMTp EE =  = 178 GPa 
[13] and 017.0== MMTp φφ  at 5 wt% MMT. 
Another way is to consider the partially exfoliated clay particles as parallel 
arrangements of MMT platelets and gallery material as described in previous reports [4, 
13, 15-18] (method 2). The tensile modulus of such an effective particle can be estimated 
by using the following rule of mixtures  
gallerygalleryMMTMMTp EEE ×+×= νν                                          (3) 
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where MMTν and galleryν are the volume fraction of montmorillonite and the gallery space 
in the effective particle, while MMTE  and galleryE  are their corresponding moduli. The 
volume fraction of MMT platelets, MMTν , is calculated as the ratio of the thickness of an 
individual platelet and the d -spacing of the nanocomposite as determined by the WAXS 
analysis,  
001d
t platelet
MMT =ν                                                          (4) 
Considering that the modulus of the organic material in the gallery is significantly 
smaller than the modulus of the MMT platelets, equation (3) reduces to 
MMTMMTp EE ×=ν                                                       (5) 
The volume fraction of the filler particles in the composites can be estimated as 
MMT
MMT
p ν
φφ =×=
MMT of volume
particlefiller  of volume
itenanocompos of volume
MMT of volume                 (6) 
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Chapter 3:  Effect of organoclay purity and degradation on 
nanocomposite performance - surfactant degradation 
Generally, the hydrophilic silicate surface of sodium montmorillonite can be 
converted to a more organophilic one by ion-exchange reactions with cationic surfactants, 
such as tertiary or quaternary alkylammonium salts, which makes effective dispersion in 
some polymers possible. Montmorillonite, MMT, is thermally stable at temperatures up 
to several hundreds of degree Celsius, while the surfactants used to form organoclays 
may begin to undergo degradation reactions at temperatures below the typical melt 
processing temperatures for the polymers of interest [1-3]. Thus, organoclay degradation 
becomes an issue that must be considered when forming polymer nanocomposites by 
melt processing. This chapter reports a detailed characterization of the thermal 
degradation of several commercial and experimental organoclays often used to form 
polymer nanocomposites and how their degradation processes are altered by simple 
purification schemes. Chapter 4 compares the structure and properties of nanocomposites 
formed from selected purified and unpurified organoclays.  
Thermogravimetric analysis (TGA) was the primary method used to characterize 
the thermal degradation behavior of the organoclays. In addition to the generally used 
temperature sweep mode of analysis, isothermal TGA runs were used to compare the 
thermal stability of the surfactants and the organoclays formed from them; the isothermal 
method provides a more relevant way to evaluate the extent of degradation during the 
melt blending with polymers, since this is essentially an isothermal procedure. Nuclear 
magnetic resonance (NMR) spectroscopy was used to provide additional support and 
insight about the decomposition processes.  
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Surfactant type is a main focus of this study. For example, the number of long 
alkyl tails on the surfactant cations may play an important role in the degradation process 
as do other functional groups that may be present. We also explore the role of excess 
surfactant in the organoclay. Washing with solvent to remove the unbound surfactant 
from the organoclay provides a unique way of exploring this.  
 
EXPERIMENTAL 
Materials 
Organically modified clays, formed by ion exchange reaction between sodium 
montmorillonite (Na-MMT) and ammonium surfactants, were generously donated by 
Southern Clay Products, Inc. The organoclays were carefully chosen to explore the 
possible factors that may influence their thermal stability. The neat surfactants used in 
this study were supplied by Akzo Nobel to Southern Clay Products, Inc. It should be 
noted that the ammonium surfactants are typically added in stoichiometric proportion to 
that of the cation exchange capacity (CEC) of the clay. In some cases, excess amounts of 
ammonium surfactant are added to over-saturate the montmorillonite galleries. The level 
of the surfactants added to the clay is designated by the milliequivalent ratio (MER) 
defined as the milliequivalents of surfactant per 100 g of clay [4]. When the ion exchange 
is in ideally perfect stoichiometry, the MER should ideally be equal to the intrinsic cation 
exchange capacity, CEC, of the clay. However, the fact that the measured MER is close 
to or equal to the CEC does not assure that the ion exchange process is complete since 
any unbound surfactant will be included in the MER measurement. 
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Organoclay purification 
The as-received organoclays selected for this study were purified using methanol 
as solvent to remove the excess free surfactant that may exist. Two methods of 
purification were adopted to make a head-to-head comparison of their effectiveness. The 
first was to subject the as-received organoclay in powder form to Soxhlet extraction in 
methanol for 1 to 5 days [5-7]. The other method involved suspending the organoclay in 
methanol, while magnetically stirring at room temperature for 1 hour, letting the mixture 
set without stirring until the suspension stratified, and then decanting the top clear 
solution. Fresh methanol was added and the entire procedure was repeated several times. 
The as-received organoclays were subjected to 1 to 3 washings of this type.  
For both methods, the resulting white precipitate was washed with methanol and 
distilled water while being filtered. The final product was dried at room temperature and 
then under vacuum at 80 oC overnight. The hard white cake formed was ground into a 
fine powder again prior to any further usage. 
Determination of organic content of organoclay 
The amount of organic component in the as-received and purified organoclays 
was calculated from the experimentally determined ash content following burning the 
pre-dried organoclays in a furnace for over 45 minutes at 900 oC. 
935.0
%
% ash
MMTMMT =                                                     (1) 
%%100% MMTORG −=                                                 (2) 
The factor of 0.935 in this calculation corrects for loss of water during structural 
rearrangement of the pristine montmorillonite during the analysis; oxidative heating of 
the clay has been previously shown to result in a 6.5 % mass loss [8-10]. The 
milliequivalent ratio (MER), the mequiv. of surfactant per 100 g of MMT, is a commonly 
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used way to represent the surfactant loadings of organoclays. The MER values can be 
calculated from the ashing results by using the following equation: 
100
%
10)surfactant ofweight molecular /%( 3 ××=
MMT
ORGMER                     (3) 
Analysis of the degradation process via NMR spectroscopy 
Neat surfactants.  
A 2 dram vial (Vial #1) was charged with either M2(HT)1B1+Cl-, M2(HT)2+Cl-, 
M3(HT)1+Cl-, or (HE)2M1T1+Cl- (~ 50 mg) and then sealed with a septum. Vial #1 was 
then connected via a cannula to another 2 dram vial (Vial #2) containing CDCl3 (2 mL) 
and sealed with a septum. A slight pressure of nitrogen gas was applied to Vial #1 
(connected via a metal gas-hose adapter) and a relief valve was connected to Vial #2 in 
such a way that enabled excess pressure to be carefully purged from the system. Vial #1 
was then heated to 250 °C (internal temperature) using a sand bath as the heat source; 
Vial #2 remained at ambient temperature. Periodically, the relief valve on Vial #2 was 
opened for 5 seconds to help facilitate transfer of the volatile decomposition products 
from Vial #1 into the Vial #2 containing CDCl3 as well as to release excess pressure. 
After 5 minutes of repeating this procedure, Vial #1 was cooled to ambient temperature 
and purged with excess nitrogen; the residual material was then dissolved in CDCl3. The 
contents of both vials were subsequently analyzed by 1H NMR spectroscopy. 
Purified organoclays.  
Samples of purified Cloisite 10A, Cloisite 20A, SCPX 1137, and Cloisite 30B 
(~100 mg) were independently subjected to similar conditions as described above for the 
decomposition studies of the neat surfactants. Likewise, collected volatile by-products 
were analyzed by 1H NMR spectroscopy (CDCl3); the residual solids were first triturated 
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with CDCl3 and then filtered to obtain clear solutions which were also analyzed by 1H 
NMR spectroscopy.   
Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was conducted on organoclays and neat 
surfactants using a Perkin-Elmer TGA 7 under nitrogen atmosphere at a gas flow rate of 
20 mL/min. All organoclays and neat surfactants were kept in a vacuum oven overnight 
at 80 oC prior to thermal analysis to remove most of the moisture and volatiles that 
existed in the as-received samples. Before performing the TGA tests, all the samples 
were held at 110 oC until their weight stabilized. Two thermal protocols were used: (1) 
heating isothermally at various temperatures, (2) heating at the constant rate of 20 oC/ 
min from 110 oC to 750 oC.  
WAXS 
WAXS scans were obtained using a Scintag XDS 2000 diffractometer in 
reflection mode with an incident X-ray wavelength of 1.542
o
A  at a scan rate of 1.0 
o/min. X-ray analysis was performed on organoclays in powder form. The interlayer 
spacing, 001d , was determined from the peak position in the XRD spectrum via Bragg’s 
law: 
)sin2/(001 θλ=d                                                        (4) 
 
RESULTS AND DISCUSSION 
Degradation mechanism 
The primary degradation pathways of ammonium chloride based surfactants (in 
bulk form and contained within organoclays) are generally believed to follow either 
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substitution or elimination-type reactions [3, 11, 12]. In the former, nucleophilic attack of 
the R4N+ moiety by a chloride ion would lead to the formation of RCl and R3N, which is 
essentially the reverse reaction of most quaternary ammonium syntheses (see Scheme 3.1 
for a representative example). In cases where the quaternary ammonium features different 
alkyl substituents, the least sterically hindered (i.e., methyl) and/or other electrophilic 
alkyl groups (i.e., benzyl) are generally the most susceptible to nucleophilic attack. The 
Hoffmann elimination reaction, on the other hand, is a process where a quaternary 
ammonium salt is decomposed into an olefin and a tertiary amine via exposure to basic 
conditions (e.g., silver oxide and water) (see Scheme 3.2 for a representative example).  
The mechanism of this reaction is believed to be a bimolecular elimination-type reaction, 
where a base, such as hydroxide, abstracts a hydrogen atom from the β-carbon of the 
quaternary ammonium salt.  
 
N +Cl
R1
R2
R3
R4 N
R1
R2
R3
ClR4
 
Scheme 3.1:  Nucleophilic substitution leading to the decomposition of an ammonium 
surfactant 
 
N +
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C R4
H
H
α β R4 + H2O
 
Scheme 3.2: Representative example of a Hoffmann-type elimination reaction 
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To gain insight into whether either of these mechanisms were operative during 
decomposition of the surfactants and organoclays explored in this study and, if so, which 
one dominated, the volatile by-products and residues of these materials were analyzed 
using NMR spectroscopy. These experiments were performed by heating the material to 
250 °C for 5 minutes with continuous trapping of the by-products into CDCl3 that was 
subsequently analyzed; the residual solids were dissolved in CDCl3 and analyzed as well. 
The CDCl3 solutions of the volatile by-products from the thermally-induced 
decomposition of M2(HT)2+Cl-, M3(HT)1+Cl-, M2(HT)1B1+Cl-, or (HE)2M1T1+Cl- showed 
the presence of significant amounts of (>99%) chloromethane (ClCH3), as evidenced by 
the signal found at δ = 3.00 ppm in 1H NMR spectrum. The identity of this compound 
was corroborated using GC-MS, which showed the presence of two signals 
corresponding to 50 and 52 Da, with intensities in accord with the relative isotopic 
abundance of 35ClCH3 and 37ClCH3, respectively. Decomposition of M2(HT)1B1+Cl- lead 
to the formation of a 2:1 molar ratio of benzyl chloride (δ = 4.58 ppm, benzylic –CH2-) 
and chloromethane (δ = 3.00 ppm) as the volatile decomposition by-products. Note that 
although the ratio of by-products did not correspond to the relative reactivity rates of 
these two groups in SN2 reactions (i.e., benzyl is 4x more reactive via SN2 than methyl), 
the discrepancy may be due to the high volatility of ClCH3 [13]. The non-volatile residues 
remaining after thermal decomposition were found to be the respective demethylated 
and/or debenzylated neutral amines of the aforementioned surfactants. These assignments 
were based upon the relatively upfield chemical shift (i.e., δ ~ 2.2 ppm) exhibited by the 
remaining methyl groups on the surfactant as well as integration of the remaining alkyl 
groups which indicated that a single methyl or benzyl group had been lost. In all cases, 
the total olefin content, as determined by integrating the 4 – 6 ppm region of the 
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aforementioned 1H NMR spectra and comparing that value with that of the entire 
spectrum, was found to be less than 0.1 %.  
Thermal decomposition of purified Cloisite 20A, SCPX 1137, Cloisite 10A, and 
Cloisite 30B (i.e., organoclays containing the surfactants mentioned above) afforded 
chloromethane (as well as benzyl chloride for Cloisite 10A) and water (δ = 1.55 ppm) as 
the major volatile by-products. In contrast with results obtained for the neat surfactant, up 
to 5 % of olefin (δ = 5.45 – 5.20 ppm) was found in the non-volatile residues, in addition 
to the expected neutral amines. Notably, a significant amount (~15 % total, as determined 
by comparing the signal intensities of these compounds versus total signal in the sample) 
of 2-chloroethanol (δ = 3.87 and 3.65 ppm) and acetaldehyde (δ = 9.77 ppm, CH3CHO; 
2.20 ppm, CH3CHO) were observed upon decomposition of Cloisite 30B. Since these 
latter decomposition products were not detected in the respective neat surfactant 
(HE)2M1T1+Cl-, alternative decomposition mechanisms may be operational for the 
organoclays. For example, the presence of Lewis basic Si and Al sites may activate the 
material toward elimination, as illustrated in Scheme 3.3.  
NH3C HT
OH
O
NH3C HT
OH
+
OH
HCl
O
H
Al
 
Scheme 3.3:  Activation of a hydroxyethyl group with an Al site in an organoclay may 
facilitate a Hoffmann-type elimination reaction 
Based on the aforementioned results, the predominant pathway of decomposition 
for the neat surfactants is SN2 attack by the chloride on an available methyl leading to the 
formation of the respective free amine and chloromethane (and/or benzyl chloride for 
M2(HT)1B1+Cl-); all of which were observed as volatile by-products. Notably, at 250 ºC, 
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all of the surfactants under investigation are effectively ionic liquids which, due to their 
high polarities, facilitate SN2 reactions [14, 15]. The organoclays appeared to have 
primarily decomposed via similar processes; however, the non-volatile residues of these 
materials did contain relatively large amounts of terminal olefin (up to ~5 %) which 
suggested that other (elimination-type) decomposition mechanisms are involved. These 
observations were corroborated by results reported by Xie et al. [3], who analyzed the 
degradation products of organoclays and various surfactants using FTIR and mass 
spectroscopy and found higher quantities of olefins in decomposed organoclays when 
compared with decomposed surfactants.  
The presence of chlorine in the decomposition products of organoclays indicates 
that these materials contain chloride ions even after purification by a methanol wash. The 
likely source of chloride is from the cation exchange reaction by-product, NaCl, not 
removed by methanol washing. To further explore this issue, organoclays were first 
washed by methanol to remove excess surfactant and then extracted using a Soxhlet 
apparatus for 48 hours in water in an attempt to remove any remaining NaCl. The 
residual chloride contents in these as-received and various versions of purified 
organoclays were determined by titration with mercuric nitrate solution. The results 
showed a clear trend of decreasing chloride content as the organoclays were subjected to 
more exhaustive purification protocols. The decomposition products of both the 
organoclay washed once with methanol and that subjected to further water Soxhlet 
extraction were characterized by NMR spectroscopy Experiments were run on 100 mg of 
each organoclay. For the single methanol washed organoclay, about 7 µmol of ClCH3 and 
0.21 µmol of olefin were detected; for the organoclay subjected to further purification by 
water Soxhlet extraction, approximately 4.3 µmol of ClCH3 and 3.6 µmol of olefin were 
detected. In other words, the amount of ClCH3 produced decreased by 38.5 %, while the 
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production of olefin increased by nearly 17 times, after the single methanol washed 
organoclay was further purified by water Soxhlet extraction. This result leads us to 
believe that if the chloride anions could be completely removed, the degradation pathway 
via Hoffmann elimination would dominate. Additional support for this supposition stems 
from a report by Davis et al. who also found that organoclays purified using exhaustive 
extraction methods degraded mainly via elimination-type processes [12]. The relatively 
enhanced elimination pathways may be caused by: 1) the presence of Lewis basic 
aluminates and silicates present in the clay that facilitate Hoffman-type eliminations, 2) 
the physical structure of the clay which is capable of trapping volatile chloromethane 
upon production and thus maintaining an equilibrium between chloromethane and the 
starting material until a non-reversible Hoffman elimination occurs, 3) smaller amounts 
of chloride present in the clay (compared with neat surfactant) as a result of partially 
successful purification which ultimately leads to increased chances of elimination, or 4) 
any combination thereof. Regardless, in all cases, the rate of degradation in the 
surfactants was found to be much faster in the bulk form than when incorporated into an 
organoclay (see below). 
Effect of temperature on isothermal TGA results 
The degradation of the surfactants, in the neat state and on the organoclay, was 
monitored in all cases by thermogravimetric analysis, TGA, using isothermal runs. It is 
important to recognize some of the assumptions implicit in interpreting weight loss data 
as a measure of the extent of reaction in the isothermal mode. The degradation reaction 
can be written in the following general form: 
volatileliquidsolidsolid CBA +→ /                                                (5) 
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where we assume there is a volatile by-product whose escape from the sample is a true 
measure of the extent of reaction. For surfactants, some of these by-products may be 
rather large molecules or molecular fragments having 18 or more carbon atoms; thus, the 
volatility of these by-products is an important consideration. Furthermore, loss of these 
rather large by-products from the galleries of the organoclay may experience some mass 
transfer resistance. In what follows, we will assume that the mass loss is a reliable 
indicator of the extent of the reaction. However, it is important to remember that the 
situation may be more complex. We further assume that the effect of temperature on the 
reaction and the extent of reaction are separable functions, i.e., 
)reaction ofextent ()(loss mass of Rate fTg ×=                               (6) 
where the rate parameter )(Tg is described by an Arrhenius form, 
)(Tg ~
RTEe /−                                                          (7) 
where E  is an activation energy. 
Figure 3.1 shows weight loss curves versus time for temperatures ranging from 
150 to 240 oC for two types of as-received organoclays, Cloisite 20A and SCPX 1137. 
The signals from the TGA have been scaled to represent the weight percent of surfactant 
originally on the organoclay that remains after time t; thus, this is not the mass of the 
original organoclay remaining. As expected, temperature has a very strong effect on the 
rate of mass loss or extent of degradation. 
 33
Time (min)
0 2 4 6 8 10 12
Su
rf
ac
ta
nt
 W
ei
gh
t R
em
ai
ni
ng
 (%
)
92
94
96
98
100
Cloisite 20A
Surfactant: M2(HT)2     MER = 96 240
oC
150oC
190oC
200oC
220oC
230oC
210oC
170oC
 
(a) 
Time (min)
0 2 4 6 8 10 12
Su
rf
ac
ta
nt
 W
ei
gh
t R
em
ai
ni
ng
 (%
)
82
84
86
88
90
92
94
96
98
100
240oC
230oC
220oC
210oC
200oC
190oC
150oC
SCPX 1137
Surfactant: M3(HT)1 MER = 95
170oC
 
(b) 
Figure 3.1: TGA isothermal tests at various temperatures on organoclays (a) M2(HT)2 
and (b) M3(HT)1. 
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Based on equation (6), we can take the mass loss at a given time as proportional 
to the rate parameter )(Tg , since the extent of reaction is small (~ 16 % at most and 
usually much less) as seen in Figure 3.1. If the rate of mass loss follows the same 
mechanism at all temperatures, simple considerations of reaction kinetics suggest that the 
activation energy should be constant, i.e., a plot of mass loss for a fixed time versus 
temperature should be a straight line on Arrhenius coordinates. Figure 3.2 shows such 
plots for percent surfactant mass loss at 10 minutes as a function of temperature. The data 
points for both organoclays interestingly fall along relatively straight lines over the 
temperature from 190 oC to 240 oC, indicating that within this temperature range, the 
organoclay degradation (or mass loss) follows the same mechanism. These results are 
consistent with the aforementioned NMR studies where thermally-induced decomposition 
of surfactants and related organoclays were found to afford similar by-products. On the 
other hand, at temperatures lower than about 170 oC, there appears to be some non-
linearity. A number of factors, other than a change in mechanism, may be responsible for 
this. At these low temperatures, the very small mass losses may be subjected to a 
relatively large percentage error owing to instrument sensitivity. Although all samples 
were held at 110 oC until their weight stabilized before the initial zero weight was read, 
we should note that the volatiles can be extremely difficult to completely remove. Small 
amounts of residual volatiles would have a much more significant effect at low reaction 
rates. At these low temperatures, the volatility of the by-products may be inadequate to 
use mass loss as an accurate indicator of the reaction rate. With the exception of the 
lowest temperatures, where the data may be compromised for the reasons suggested, the 
data do follow the simple Arrhenius form surprisingly well. Simple calculations of the 
activation energies for the degradation reactions from the slope of the linear regression 
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curves show activation energies of 56 kJ/mol for Cloisite 20A and 70 kJ/mol for SCPX 
1137. 
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Figure 3.2: Relationship between surfactant weight loss in 10 min and temperature of 
isothermal TGA experiment on Arrhenius coordinates. 
Effect of organoclay purification method on degradation rate 
Selected as-received organoclays were purified by using methanol as the solvent 
to remove any excess surfactant that may exist in them. The organoclays were purified by 
both Soxhlet extraction and the washing methods described earlier. The SCPX 1137 
organoclay made from M3(HT)1+Cl- surfactant was taken as an example to compare the 
effect of organoclay purification method on degradation rate; other organoclays, such as 
Cloisite 20A and SCPX 2730, show similar trends. TGA results for purified and as-
received SCPX 1137 organoclays are compared in Figure 3.3. The first day of Soxhlet 
extraction or the first methanol wash appears to have substantial effects on the extent of 
mass loss at 240 oC; however, subsequent washes or longer periods of Soxhlet extraction 
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lead to only slightly different results. Comparing the two purification methods, Soxhlet 
extraction tends to lead to slightly more thermally stable organoclay, but the differences 
are not significant. The washing method is more efficient for producing larger amounts of 
purified organoclay, and since the difference between the two methods of purification is 
not significant, a single wash with methanol was adopted as the purification method for 
subsequent studies.  
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Figure 3.3: TGA isothermal tests at 240 oC on as-received and purified M3(HT)1 
organoclays (SCPX 1137) by (a) Soxhlet extraction and (b) washed in 
beaker. 
Location of excess surfactant in organoclay 
Since some part of the surfactant associated with the as-received organoclay can 
be removed by solvent washes, it is clear that this excess surfactant is not bound in any 
way, e.g., ionically to the clay. Hence, where does this excess surfactant reside? Is it 
inside the clay galleries physically mixed with the bound surfactant, or does it reside 
external of the galleries, e.g., around the edges of the platelet stacks? To answer this 
question, several as-received and their corresponding purified organoclays were studied 
in detail. Based on the ash measurements for each organoclay, the mass ratio of the 
organic to inorganic components was calculated. X-ray scans were performed on these 
purified and as-received organoclays to determine the characteristic d -spacing which 
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represents the sum of the MMT platelet thickness and the gallery height. The d -spacings 
obtained from X-ray tests for each organoclay are plotted versus the experimentally 
determined mass of organic/ mass of MMT ratios in Figure 3.4, as suggested in prior 
publications from this laboratory [4, 16]. The organoclays with lower organic loadings 
tend to have lower d -spacings, and the data points fall onto a single straight line with a 
d -spacing intercept of 0.96 nm as the organic content goes to zero; this is the d -spacing 
of native dry sodium montmorillonite platelets. Assuming the organic surfactants have 
similar density, this result indicates that the unbound surfactant resides in the clay 
galleries. The rationale behind this type of analysis and plotting of the data have been 
described previously [4, 16]. 
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Figure 3.4: Relationship between experimentally determined d -spacing and surfactant 
loading of organoclays. 
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Effect of MER loading 
Commercially available M2(HT)2 organoclays, modified by M2(HT)2+Cl- 
surfactant, such as Cloisite 20A, 15A, and 6A, were selected to explore the effect of 
MER loading on organoclay thermal stability. For comparison, purified Cloisite 20A and 
pure M2(HT)2+Cl- surfactant are also included in this study. The MER of the purified and 
as-received organoclays were determined experimentally using the ashing method with 
the results shown in Table 3.1. 
Table 3.1: Comparison of experimental and calculated surfactant remaining after 10 
minutes’ heating at 240 oC 
Surfactant weight remaining at 10 min 
(%) 
Organoclay MER 
(mequiv. / 
100 g of clay) experimental calculated ∆ (cal.-exp.) 
Purified Cloisite 20A 88 96.59 -- -- 
Cloisite 20A 96 93.45 94.91 1.46 
Cloisite 15A 120 89.61 91.20 1.59 
Cloisite 6A 137 85.72 89.37 3.65 
M2(HT)2+Cl- Surfactant -- 76.39 -- -- 
First, it is useful to summarize some facts and assumptions before discussing the 
data: 1) As-received organoclays include both ionically bound surfactants and unbound 
free surfactants. The excess surfactant, by necessity, carries with it the counter anion 
which in the present case is a chloride ion. 2) Purified Cloisite 20A only has ionically 
bound surfactant. 3) The bound surfactant in as-received organoclays behave like those in 
purified Cloisite 20A, while any unbound surfactant in as-received organoclays behaves 
like the neat surfactant. 
Figure 3.5 (a) shows data from a temperature sweep at a rate of 20 oC/min. 
Comparing pure surfactant, M2(HT)2+Cl-, used to form the organoclays with purified 
Cloisite 20A (MER = 88 mequiv./100 g of clay), we see a large elevation of the 
decomposition onset temperature for purified Cloisite 20A sample, which suggests that 
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ionically bound surfactants are much more thermally stable than neat surfactant with its 
associated chloride anions. The as-received organoclays with MER = 96, 120, 137 
mequiv./100 g of clay show intermediate behavior. 
Isothermal tests at 240 oC are shown in Figure 3.5 (b). The data are again 
expressed as the weight percent of the original surfactant in the organoclay remaining 
rather than that of the total sample weight. Neat surfactant and purified Cloisite 20A 
define the two extremes of thermal stability, with the purified Cloisite 20A having the 
least weight loss while the neat surfactant, M2(HT)2+Cl-, shows the highest extent of mass 
loss. The rate of surfactant mass loss for the as-received organoclays falls in between 
these limits in a sequence of increased MER. Some simple calculations, based on the 
assumptions described previously, using the following equation, will be helpful to 
understand why MER becomes a factor in the rate of surfactant mass loss for un-purified 
organoclays.  
)(88)(88)( tf
MER
MERtf
MER
tf surfpoc ⎟⎠
⎞⎜⎝
⎛ −+⎟⎠
⎞⎜⎝
⎛=                                  (8) 
where )(tf = wt% surfactant remaining at time t  for as-received organoclay,  
)(tf poc = wt% surfactant remaining at time t  for the purified organoclay, and )(tf surf = 
wt% surfactant remaining at time t  for neat surfactant. In this equation, the factor of 88 
represents the organic loading of the purified Cloisite 20A, which is assumed to have 
only ionically attached surfactant cations. The results are shown in Table 3.1. It is clear 
that the calculated weight losses of the as-received organoclays in ten minutes are fairly 
close to the experimental data, except at higher initial surfactant loadings, i.e., high MER. 
It is possible that some unknown impurities in the as-received organoclay also facilitate 
the decomposition of the surfactant. 
 41
Temperature (oC)
200 300 400 500
W
ei
gh
t %
 D
er
iv
at
iv
e 
(%
/m
in
)
-20
-15
-10
-5
0
5
10
Surfactant type: M2(HT)2
88
96
120
137
neat surfactant
MER =
 
(a) 
Time (min)
0 2 4 6 8 10
Su
rf
ac
ta
nt
 W
ei
gh
t R
em
ai
ni
ng
 (%
)
70
75
80
85
90
95
100
Surfactant type: M2(HT)2
88
96
120
137
neat surfactant
@240oC
MER =
    
 (b) 
Figure 3.5: TGA tests on organoclays (MER=88, 97, 120, 137 mequiv./100 g of clay) 
and neat surfactant: (a) temperature sweeps (derivative) and (b) isothermally 
at 240 oC. 
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Effect of various counter ions 
It has been reported that the counter anion can often influence the thermal 
stability of the surfactant; halide salts are often thermally less stable than other anions 
[17, 18]. To examine the effect of various anions, the following experiments were 
conducted using M2(HT)2+Cl- and M2(HT)2+MeSO4- as the neat surfactants. 
TGA tests, both temperature sweeps and isothermal runs, were performed on the 
two neat surfactants with the results shown in Figure 3.6. The differences in thermal 
stability are quite remarkable. The only difference between the two surfactants is that 
they have different anions associated with the M2(HT)2+ ammonium cations. Figure 3.6 
(a) shows that the MeSO4- salt is far more stable than the Cl- salt. The M2(HT)2+MeSO4- 
surfactant begins to decompose at 300 oC; whereas at this temperature, the M2(HT)2+Cl- 
surfactant has already lost about 25 % of its weight. Figure 3.6 (b) offers another obvious 
proof of their dramatically different thermal behavior. After 30 minutes at 240 oC, 
M2(HT)2+MeSO4- still retains more than 95 % of its initial mass; while the M2(HT)2+Cl- 
surfactant has lost more than 30 % in weight. These results may be explained by the fact 
that MeSO4- is a weaker nucleophile than Cl-; the aforementioned NMR studies revealed 
that surfactants of this type thermally-decompose primarily via nucleophilic substitution. 
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Figure 3.6: Comparison of thermal stability of M2(HT)2+ Cl- and M2(HT)2+ MeSO4- 
surfactants by TGA: (a) temperature sweeps and (b) isothermally at 240 oC. 
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Considering the dramatic difference in thermal behavior of these two surfactants, 
it is logical to ask if this difference will translate to organoclays made from these two 
surfactants. Figure 3.7 answers this question in a direct way; organoclays with various 
surfactant loadings and purification levels are compared. As-received organoclay made 
from M2(HT)2+MeSO4- is more stable than the as-received organoclay made from 
M2(HT)2+Cl- if the surfactant loading, or MER, is the same, and the differences between 
them tend to diminish as their surfactant loading decreases. After the ion exchange to 
form the organoclay, the original surfactant anions are mostly, but not completely, 
removed and replaced by the negative charges of the clay platelets. Ideally, so long as the 
cations of the surfactant are the same, there should not be a difference in the organoclays 
formed. However, unbound surfactant and the associated chloride anion in the as-
received organoclay cause the differences seen in Figure 3.7. After removal of the free 
surfactant and the associated anion, either Cl- or MeSO4-, the two organoclays have 
exactly the same thermal behavior, as shown in Figure 3.7. Clearly, the M2(HT)2+MeSO4- 
surfactant is more thermally stable than the M2(HT)2+Cl- surfactant; while the 
organoclays formed from the two surfactants have similar thermal behavior once the 
excess surfactant and the associated anion are removed. There is a dramatic increase in 
the thermal stability of the surfactant in the organoclay as compared to the chloride salts; 
the halide anion is a good nucleophile favoring the SN2 decomposition of the surfactant. 
On the other hand, it seems that there is no significant change in thermal stability of the 
surfactant in the organoclay as compared to the methyl sulfate salt; this can be attributed 
to the weak nucleophilicity of methyl sulfate anion. The larger weight loss in 
M2(HT)2+MeSO4- organoclay with higher MER is possibly due to the impurities in the as-
received organoclay facilitating the decomposition of the surfactant. 
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Figure 3.7: Comparison of isothermal mass loss for M2(HT)2+ Cl- and M2(HT)2+MeSO4- 
organoclays at 240 oC. Note that the organoclays with MER of 88 mequiv./ 
100 g of clay are the purified version of the corresponding organoclays. 
Effect of number of long alkyl tails 
The thermal stability of three surfactants with different number of alkyl tails and 
their corresponding organoclays is compared here. Considering that the counter anion can 
be an important factor that greatly influences the thermal stability as shown above, 
surfactants with the same anion, i.e., chloride Cl-, were chosen.  
Samples were subjected to temperature sweeps as shown in Figure 3.8 (a). It is 
very interesting to note that the three surfactants begin to degrade at roughly similar 
temperatures, while the more the number of alkyl tails on the surfactant, the higher the 
temperature for the most substantial weight loss. This result is consistent with the 
mechanism study discussed earlier; all the surfactants decompose mainly via the SN2 
pathway, and the different volatilities of the various alkyl amine residues explain the 
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differences in the temperature at which their most substantial weight losses occur. Table 
3.2 compares the boiling points of these possible degradation products.  
Table 3.2: Boiling points of degradation products 
Substance Boiling point 
(oC) 
CH3Cl -24.2 (at 1 atm) 
(CH3)2N(C18H37) 347 (at 1 atm) 
(CH3)N(C18H37)2 252 (at 0.05 mmHg) 
N(C18H37)3 -- 
Figure 3.8 (b) shows isothermal TGA data at 240 oC for the three surfactants 
studied. Surfactants with fewer alkyl tails tend to lose larger percents of their masses, in 
the same period of time, compared to surfactants with more alkyl tails. Isothermal plots 
for the corresponding organoclays, see Figure 3.8 (c), show similar large differences in 
mass loss as the neat surfactants, see Figure 3.8 (b), but on a much smaller scale because 
of the improved thermal stability of the ionically bound surfactant.  
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(c) 
Figure 3.8: Comparison of thermal stability by TGA of the three surfactants, 
M1(HT)3+Cl-, M2(HT)2+Cl-, and M3(HT)1+Cl-, and corresponding 
organoclays: (a) temperature sweeps on surfactants, (b) isothermally at 240 
oC for surfactants, and (c)  isothermally at 240 oC for organoclays. 
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It is worth noting that there is a significant difference in the molecular weight of 
the three surfactants with various number of alkyl. Because of this, it is helpful to look at 
the isothermal mass loss data in other ways. If we only look at the results on a percentage 
weight loss basis, losing the same mass from a two tail surfactant versus from a one tail 
surfactant results in nearly half the percent mass change for the two tail surfactant than 
for the one tail surfactant. As shown in Figure 3.8 (b) and (c), comparing these 
surfactants on the weight percentage mass loss basis, there are indeed huge differences 
among the surfactants. However, if these results are expressed as mass loss per mole of 
surfactant as shown in Figure 3.9, the differences become much smaller. When viewed in 
this way, it appears that the surfactants with different number of alkyl tails have similar 
thermal stabilities; analogous results are observed for their corresponding organoclays. 
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Figure 3.9: Comparison of isothermal mass loss of the three surfactants, M1(HT)3+Cl-, 
M2(HT)2+Cl-, and M3(HT)1+Cl-, and corresponding organoclays on a molar 
basis: (a) surfactants and (b) organoclays. 
Comparison of organoclays with one long alkyl tail  
Here we compare a series of surfactants having a single long alkyl tail: 
M3(HT)1+Cl-, M3(C16)1+Cl-, (HE)2M1T1+Cl-, and M2(HT)1B1+Cl-. Their TGA results are 
compared in Figure 3.10.  
The surfactants, M3(HT)1+Cl- and M3(C16)1+Cl-, both have one long alkyl tail. 
The hydrogenated tallow (HT) tail consists of a mixture of primarily of C18 alkyls (65 
%) and some shorter alkyls, such as C16 and C14, while M3(C16)1+Cl- contains only C16 
alkyls. These two surfactants show quite similar results in both temperature sweep and 
isothermal tests. Figure 3.10 compares M3(HT)1+Cl- and (HE)2M1T1+Cl- surfactants. 
Since these tests were run under an atmosphere of nitrogen, the difference between T and 
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HT, saturated and unsaturated, should be negligible since oxidation is not possible. The 
relevant difference in the structure of these two surfactants is the hydroxyethyl (HE) 
substituents versus the methyl (M) groups. We see better thermal stability for the 
(HE)2M1T1+Cl- surfactant than that shown by M3(HT)1+Cl-. This can be explained by the 
fewer available methyl groups in the former and the steric hindrance provided by the 
hydroxyethyl (HE) substituents which protects pendant methyl groups from nucleophilic 
attack. The M2(HT)1B1+Cl- surfactant is far less thermally stable than the other 
surfactants. Similar behavior was also reported in the literature [11]; this can be attributed 
to the presence of the electrophilic benzyl group, which can be easily attacked by the 
chloride anion. As noted in the NMR studies described above, benzyl chloride was 
observed in the volatile by-products of thermally-degraded, bulk M2(HT)1B1+Cl-. 
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Figure 3.10: Comparison of thermal stability by TGA of various surfactants 
(M3(HT)1+Cl-, M2(HT)1B1+Cl-, (HE)2M1T1+Cl-, and M3(C16)1+Cl-): (a) 
temperature sweeps and (b) isothermally at 240 oC. 
Results for organoclays formed from these surfactants are shown in Figure 3.11 
and 3.12. The isothermal results in Figure 3.11 for the four as-received organoclays show 
similar trends to that of the corresponding surfactants, only on a much smaller scale of 
mass loss. However, there are some small inconsistencies that, for the most part, can be 
attributed to the different MERs of the as-received organoclays: the M3(C16)1 organoclay 
had an MER of 100 mequiv./100 g of clay, the M2(HT)1B1 organoclay had an MER of 
125 mequiv./100 g of clay, the MER of the (HE)2M1T1 clay was 90, and that of the 
M3(HT)1 clay was 95 mequiv./100 g of clay. Since the free surfactant with its associated 
Cl- anion is less stable than the surfactant ionically bound to the clay surface, the 
M3(C16)1 and M2(HT)1B1 organoclays show more unstable behavior than expected based 
on the trends shown by the neat surfactants. It is helpful to remove the excess surfactant 
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in the as-received organoclays by washing with methanol solvent to simplify the 
problem. The purified organoclays are compared in Figure 3.12; these results show 
analogous trends as the corresponding neat surfactants, but the extent of degradation is 
less for the organoclays than for the neat surfactants. 
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Figure 3.11: Comparison of isothermal mass loss of various as-received organoclays 
(M3(HT)1, M2(HT)1B1, (HE)2M1T1, M3(C16)1) at 240 oC. 
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Figure 3.12: Comparison of isothermal mass loss of various purified organoclays 
(M3(HT)1, M2(HT)1B1, (HE)2M1T1, M3(C16)1) at 240 oC. 
 
CONCLUSIONS 
The thermal degradation of organoclays made from various surfactants was 
studied by NMR spectroscopy and thermogravimetric analysis. The NMR data suggests 
that these surfactants and organoclays decompose primarily via nucleophilic attack of 
chloride anions; however, if the residual chloride anions could be completely removed 
from the organoclay, we believe the primary degradation pathway would switch to an 
elimination-type mechanism. Furthermore, a simple Arrhenius analysis of isothermal 
degradation results suggested to us that the degradation mechanism is the same as 
temperature is varied from 240 oC to 170 oC and possibly lower. Most as-received 
organoclays contain excess surfactant, as well as the ionically attached surfactants, which 
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resides in the clay galleries. Washing the organoclay with methanol proved to be an 
effective way to remove the excess surfactant from the clay galleries, but not the by-
product NaCl of the ion exchange process. Such purification generally improves the 
thermal stability of the as-received organoclays. Ionically bound surfactants are more 
thermally stable than the neat surfactant associated with Cl- anion. The free surfactants in 
the organoclay degrade at rates similar to the neat surfactants used to form the 
corresponding organoclay. The anions associated with the ammonium cations play a 
significant role in the thermal stability of the surfactant salts and the surfactants in 
organoclay; anions which are weaker nucleophiles (i.e., MeSO4-) can result in a much 
more thermally stable surfactant. Surfactants and organoclays with various number of 
alkyl tails have similar thermal stabilities. It is worth noting that caution needs to be 
exercised when interpreting isothermal percentage mass loss data of samples with 
significant different molecular weights; a similar extent of degradation may lead to much 
smaller in percentage mass loss for the sample with significantly higher molecular 
weight. Finally, the substituents on the ammonium cations may also influence the thermal 
stability of neat surfactants as well as organoclays which contain them. In general, our 
results suggest that methyl and benzyl groups in these materials are susceptible to 
nucleophilic attack at elevated temperatures by the halide anions. Depending on the 
availability of residual halide anions in the organoclay, the organoclays decompose via 
either SN2 nucleophilic substitution or Hoffmann elimination.  
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Chapter 4:  Effect of organoclay purity and degradation on 
nanocomposite performance - morphology and properties of 
nanocomposites 
Chapter 3 dealt with the rate of thermal degradation of surfactants used to form 
commercial organoclays using thermogravimetric analysis. Previous reports showed 
evidence that purification of organoclays improves their thermal stability [1-3]; to a 
certain extent, the results of Chapter 3 support this conclusion. This work showed that the 
higher rate of degradation of as-received commercial organoclay is primarily a result of 
excess surfactant that is intentionally or unintentionally part of the commercial 
organoclay. The purpose of this chapter is to assess the practical consequences, in terms 
of nanocomposite formation and performance, of using a purified version of the 
organoclay with no excess surfactant and a lower rate of thermal degradation versus 
using the as-received organoclay. Purification of organoclays by simple methanol 
washing was shown (see Chapter 3) to be nearly as effective for removing the excess 
surfactant as a more rigorous and time consuming Soxhlet extraction process. Such 
purification procedures significantly change the thermal stability of the as-received 
organoclay. Whether this excess surfactant and the associated higher degradation rate 
have significant impact on the morphology and properties of nanocomposites formed 
from them is explored here. Nanocomposites based on as-received organoclays and 
purified organoclays are compared. Previous studies in our laboratory showed that nylon 
6-based nanocomposites have the best exfoliation when formed from an organoclay 
based on a surfactant with only one long alkyl tail [4, 5]; on the other hand, polyolefin 
matrices give better exfoliation with organoclays based on a surfactant with two or more 
long alkyl tails [6-9]. A series of organoclays based on a surfactant with two 
hydrogenated tallow tails in varying levels of excess were selected to form polypropylene 
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nanocomposites. Likewise, a series of organoclays based on a single tail, either 
hydrogenated tallow or a 16-carbon alkyl, were similarly used to form nylon 6 
nanocomposites. The properties and morphology of polymer–clay nanocomposites based 
on both as-received and purified organoclays were evaluated by various techniques and 
compared. 
 
EXPERIMENTAL 
Materials 
In one series, a commercial injection molding grade of polypropylene supplied by 
Basell served as the polymer matrix, while a PP-g-MA containing 1 wt% maleic 
anhydride groups supplied by Crompton is used as the compatibilizer for promoting 
exfoliation of the organoclay. In a second series, a commercial high molecular weight 
grade of nylon 6 from Honeywell was selected to form nanocomposites. 
Organically modified clays, formed by an ion exchange reaction between sodium 
montmorillonite (Na-MMT) and ammonium surfactants, were generously donated by 
Southern Clay Products, Inc. Descriptions of these organoclays are given in Chapter 3. A 
similar nomenclature system as used in prior papers [4, 8, 10] is adopted to describe the 
chemical structure of the ammonium cations in a concise manner. The letter M represents 
methyl substituent. The letter HT denotes the tallow-based product, which is 
predominantly composed of chains with 18 carbons (~ 65 %) and the majority of the 
double bounds have been hydrogenated; while C16 represents a 16-carbon alkyl chain. 
The level of surfactant contained in the organoclays is designated by the milliequivalent 
ratio (MER) defined as the milliequivalents of ammonium cations per 100 g of clay [4]. 
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The selected as-received organoclays were purified by using a single methanol 
wash to remove excess surfactant. The purification method involved suspending the 
organoclay in methanol, with magnetic stirring at room temperature for 1 hour, then 
setting the mixture aside until the suspension stratified followed by decanting the top 
clear solution. Afterwards, the white precipitate was washed with methanol and distilled 
water again while being filtered. The final product was dried at room temperature and 
then under vacuum at 80 oC overnight. The hard white cake formed was ground into a 
fine powder prior to be used in melt processing. 
Melt processing 
Polypropylene and nylon 6 nanocomposites were both prepared by melt 
compounding in a Haake, co-rotating, intermeshing twin screw extruder (D = 30 mm, 
L/D = 10) at a screw speed of 280 rpm and a feed rate of 1000 g/h, with all the 
components added at the same time[11-16]. All the materials were dried in a vacuum 
oven for a minimum of 24 hours prior to the compounding.  
Polypropylene nanocomposites were formed from the M2(HT)2 organoclays at a 
melt processing temperature of 190 oC, while nylon 6 nanocomposites were formed from 
the M3(HT)1 or M3(C16)1 organoclays at 240 oC. The MER levels of the organoclays 
were varied from a minimum value for the purified material upwards by using various as-
received commercial products. Tensile (ASTM D638) and Izod (ASTM D256) specimens 
were formed using an Arburg Allrounder 305-210-700 injection molding machine. After 
molding, the specimens were immediately sealed in a polyethylene bag and placed in a 
vacuum desiccator for a minimum of 24 hours prior to mechanical testing. 
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RESULTS AND DISCUSSION 
The thermal degradation studies from Chapter 3 show that the organoclay stability 
is dramatically improved by purification; the main effect appears to be the removal of 
excess surfactant that is not ionically bound to the montmorillonite. The question here is 
whether these differences in stability or the presence of excess surfactant affects the 
properties and morphology of the nanocomposites formed from as-received versus 
purified organoclays. The following results and discussion are focused on answering this 
question. 
Polypropylene nanocomposites 
Three commercially available organoclays are included to explore the effect of 
purification on the morphology and properties of polypropylene nanocomposites. The 
three commercial organoclays, formed through the modification of sodium 
montmorillonite with various amounts of M2(HT)2+Cl- surfactant, are designated as 
Cloisite 20A, 15A and 6A, which have MER values of 95, 125, and 140 mequiv./100 g of 
clay, respectively. Cloisite 20A was purified using the procedures described earlier, and 
the MER after purification was determined by ash analysis to be 88 mequiv./100 g of 
clay. Besides these commercial organoclays, an experimental organoclay modified by 
M2(HT)2+MeSO4- surfactant with an MER of 140 mequiv./100 g of clay is also included 
in some of the discussions below. Although this experimental organoclay has a high 
loading of surfactant, due to the methyl sulfate anions in the free surfactant of the 
organoclay this organoclay is considerably more thermally stable than the commercial 
organoclay Cloisite 6A, which has the same surfactant loading but is modified by the 
M2(HT)2+Cl- surfactant.  
All the PP nanocomposites were prepared at several MMT loadings to obtain a 
more complete picture of the relative benefit of each organoclay. The ratio of PP-g-MA 
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to clay was set at 1; this ratio has been shown by several studies in our laboratory [6, 7, 
17, 18] to be an optimum level of PP-g-MA for compatibilization of PP/ organoclay 
mixtures. 
Figure 4.1 compares the WAXS scans for nanocomposites formed from PP/ PP-g-
MA/ M2(HT)2 organoclay containing nominally 5 wt% montmorillonite, and the scans of 
the corresponding organoclays are also included for comparison. With the increased 
surfactant loading, the characteristic peak position for the pure organoclay largely shifts 
to lower angles, indicative of expanded galleries caused by this higher content of organic 
modifier. All the nanocomposites based on the various organoclays show similar , but not 
identical, X-ray peaks as the organoclay, indicating the presence of unexfoliated clay 
tactoids in these nanocomposites [7, 15]. The relative peak positions follow a similar 
trend as the neat organoclays with various surfactant loadings. The peaks of the 
nanocomposites shift slightly to higher angles compared to that shown by the 
corresponding organoclay, which indicates a slight collapse of the clay gallery[15, 19]; 
this phenomenon becomes more obvious as the surfactant loading of the organoclay 
increases. For M2(HT)2+MeSO4- organoclay with an MER of 140 mequiv. /100 g of clay, 
similar shifting of the peak shown by the nanocomposite as compared to the organoclay 
can also be observed, although this organoclay has been shown to be significantly more 
thermally stable. 
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Figure 4.1: WAXS scans for the M2(HT)2 pristine organoclays and PP/PP-g-
MA/M2(HT)2 organoclay (ratio of PP-g-MA to organoclay = 1) 
nanocomposites containing ~ 5 wt% MMT. The curves are vertically offset 
for clarity.  
Nanocomposites based on PP/ PP-g-MA/ M2(HT)2 organoclay were prepared at 
several MMT loadings to obtain a more complete picture of the relative benefit of each 
organoclay with various organic loadings (MER) or purification levels. The addition of 
organoclay to the polymer matrix produces significant increases in the modulus in all 
cases (see Figure 4.2); however, neither the purification nor the surfactant loading makes 
a significant difference in the observed tensile modulus of the nanocomposites formed 
from them. The nanocomposites based on organoclays (MER = 140 mequiv./100 g of 
clay) made from M2(HT)2+Cl- and M2(HT)2+MeSO4- show very similar improvement in 
their tensile moduli, although there is a significant difference in the thermal stability of 
these two organoclays. 
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Figure 4.2: Effect of MMT content on the tensile modulus of PP/PP-g-MA/M2(HT)2 
organoclay (ratio of PP-g-MA to organoclay = 1) nanocomposites. 
Figure 4.3 compares the elongation at break for the PP nanocomposites. Two 
crosshead speeds, 0.51 cm/min and 5.1 cm/min, were used for the measurements. 
Generally, as the clay content is increased, ductility decreases dramatically for all the 
nanocomposites. The lower crosshead speed gave larger elongations at break as expected 
[19]; there are no obvious differences among the nanocomposites based on the various 
organoclays. 
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Figure 4.3: Elongation at break measured at crosshead speeds of 0.51 and 5.1 cm/min 
for PP/PP-g-MA/M2(HT)2 organoclay (ratio of PP-g-MA to organoclay = 1) 
nanocomposites. 
Fracture toughness as judged by the Izod impact strength is an important property 
to be considered for many applications. Polymer nanocomposites based on polyolefins 
have been reported to have different impact values for the gate end and far end of 
injection molded Izod bars [20]. Therefore, the impact strengths are averaged separately 
for the gate and far ends. Like the trends shown in elongation at break, there is a steady 
decrease in impact strength with increased clay content. The gate ends show slightly 
higher impact strength than the far ends, but these differences in this case are barely 
outside the error range (see Figure 4.4). 
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Figure 4.4: Izod impact strength of gate-end and far-end samples of PP/PP-g-
MA/M2(HT)2 organoclay (ratio of PP-g-MA to organoclay = 1) 
nanocomposites. 
Morgan and Harris reported similar work [1] using both unpurified and purified 
versions of organically modified fluorinated synthetic mica based clay, and they observed 
slight increases in flex modulus and slight decreases in impact strength by using ethanol 
Soxhlet extracted organoclays. However, the differences in properties of PP 
nanocomposites formed from as-received and purified (by methanol wash) organoclays in 
this study are negligible. 
Appropriately prepared TEM images offer the most direct visualization of the 
dispersion of the clay particles in nanocomposites. Figure 4.5 compares the morphology 
of polypropylene nanocomposites containing ~5 wt% MMT based on as-received 
M2(HT)2 organoclays with various surfactant loadings (MER values) and a purified 
version of Cloisite 20A. Morphologies consisting of combinations of individual platelets 
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and platelet stacks can be observed in all the nanocomposites, indicating fair, but not 
complete exfoliation of the organoclays. Simple visual inspection of these images does 
not reveal any significant differences. A simple quantitative particle analysis of these 
images using similar methods described previously [11, 15, 21, 22] was performed to 
explore more subtle differences. The number of clay particles in a given area of ~100 
2mµ  was determined by analyzing 6 to 7 representative images like those in Figure 4.5. 
From this count, a particle density, i.e., the number of clay particles per 2mµ , was 
computed with the results shown in Table 4.1. The clay particle densities found for the 
nanocomposites based on as-received Cloisite 20A (MER = 95 mequiv. /100 g of clay) 
and Cloisite 6A (MER = 140 mequiv. /100 g of clay) were about the same. However, for 
the nanocomposite formed from purified Cloisite 20A (MER = 88 mequiv. /100 g of 
clay) the clay particle density was found to be somewhat less. Higher clay particle 
densities mean that the organoclay has been dispersed more effectively with a small 
number, on average, of aluminosilicate platelets per particle. Based on this analysis, it 
appears that polypropylene nanocomposites formed from as-received Cloisite 20A and 
Cloisite 6A give slightly better exfoliation of the organoclay than the ones formed form 
purified Cloisite 20A. One possible explanation for this phenomenon is that the removal 
of surfactant molecules from around the platelets edges in the purified organoclay 
reduces the wetting of the clay by the non-polar polypropylene, and, thus, somewhat 
poorer dispersion [1]. In the end, however, this difference in degree of dispersion does 
not have a significant effect on mechanical properties as seen in Figure 4.2-4.4.  
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Figure 4.5: TEM images of PP/PP-g-MA/ M2(HT)2 organoclay (ratio of PP-g-MA to 
organoclay = 1) nanocomposites. The samples were taken from the core 
portion of an Izod bar and viewed parallel to the transverse direction. 
 
Table 4.1: Particle density analysis of polypropylene nanocomposites 
Sample  (~ 5 wt% MMT) Total area 
analyzed 
( 2mµ ) 
Total number 
of particles 
Particle density 
(particles/ 
2mµ ) 
PP/ PP-g-MA/ Cloisite 20A 106 1330 12.5 
PP/ PP-g-MA/ Cloisite 6A 105 1260 12.0 
PP/ PP-g-MA/ purified Cloisite 20A 121 1000 8.3 
 
PA-6 nanocomposites 
Two single-tail organoclays, M3(HT)1 (MER = 95 mequiv./100 g of clay) and 
M3(C16)1 (MER = 100 mequiv./100 g of clay), were used to explore the effect of 
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organoclay purification on the properties of the nanocomposites formed. The purification 
of the organoclays removes most of the excess surfactant; as a result, both organoclays 
are left with a lower MER around 85 mequiv./100 g of clay. 
The WAXS scans of nylon 6 nanocomposites prepared from purified and as-
received M3(HT)1 and M3(C16)1 organoclays are presented in Figure 4.6 and Figure 4.7. 
After purification, both organoclays have slightly smaller basal spacings due to the 
removal of excess surfactant from the clay galleries. In contrast to the results for 
nanocomposites based on polypropylene, nylon 6 nanocomposites do not show any X-ray 
peaks characteristic of the corresponding neat organoclays, indicative of the possibility of 
well-exfoliated structures [11, 16, 23] regardless of the purification of the organoclays. 
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Figure 4.6: WAXS scans for the M3(HT)1 pristine organoclays and PA-6/M3(HT)1 
organoclay nanocomposites containing ~ 5 wt% MMT. The curves are 
vertically offset for clarity. 
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Figure 4.7: WAXS scans for the M3(C16)1 pristine organoclays and PA-6/M3(C16)1 
organoclay nanocomposites containing ~ 5 wt% MMT. The curves are 
vertically offset for clarity. 
Tensile moduli of nanocomposites formed from nylon 6 and M3(HT)1 organoclays 
are compared in Figure 4.8 and Figure 4.9. The moduli data for nanocomposites formed 
from both M3(HT)1 and M3(C16)1 organoclays do not show any meaningful differences 
between the as-received and purified versions.  
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Figure 4.8: Effect of MMT content on the tensile modulus of PA-6/M3(HT)1 organoclay 
nanocomposites. 
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Figure 4.9: Effect of MMT content on the tensile modulus of PA-6/M3(C16)1 
organoclay nanocomposites. 
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Figure 4.10 and Figure 4.11 compare the elongation at break of these 
nanocomposites at various MMT contents for two rates of extension. As expected, 
samples show higher ductility when strained at lower speeds, and their ductility decreases 
as the MMT content is increased. The elongation at break data have relatively large 
standard deviations; however, it appears that the nanocomposites formed from the 
purified organoclays,  denoted by solid or open circles, exhibit somewhat lower 
ductility. Currently there is no plausible explanation for this reduction in elongation at 
break for the nanocomposites formed from purified organoclays. 
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(b) 
Figure 4.10: Elongation at break for PA-6/M3(HT)1 organoclay nanocomposites 
measured at crosshead speeds of (a) 0.51 cm/min and (b) 5.1 cm/min. 
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(b) 
Figure 4.11: Elongation at break for PA-6/M3(C16)1 organoclay nanocomposites 
measured at crosshead speeds of (a) 0.51 cm/min and (b) 5.1 cm/min. 
 
Figures 4.12 and Figure 4.13 show the notched Izod impact strength data for the 
various nylon 6 nanocomposites at room temperature. Values from the far and gate ends 
of injection molded samples were averaged since the difference between the two is 
relatively small [10, 16]. The impact strength data have relatively large standard 
deviations. Both nanocomposites systems show a decrease in impact strength as the clay 
content is increased; while the mean values from the Izod test appear slightly lower for 
some of the compositions containing purified organoclay relative to the as-received 
version, these differences are not judged to be statistically meaningful in view of the 
standard deviations in the data.  
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Figure 4.12: Izod impact strength of PA-6/M3(HT)1 organoclay nanocomposites. 
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Figure 4.13: Izod impact strength of PA-6/M3(C16)1 organoclay nanocomposites. 
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The effects of organoclay purification on the exfoliation level in PA-6/M3(HT)1 
organoclay and PA-6/M3(C16)1 organoclay nanocomposites are corroborated by the 
pictorial evidence provided by the TEM images in Figures 4.14 and 4.15. Very well-
exfoliated morphologies can be observed in all the PA-6 nanocomposites. Similar 
quantitative particle density analyses as described earlier were conducted to explore the 
subtle differences in these PA-6 nanocomposites. The results are shown in Table 4.2. 
Some differences in the clay particle densities were found when comparing the 
nanocomposites formed from the M3(HT)1 and M3(C16)1 organoclays; the ones formed 
from the M3(C16)1 organoclays, either as-received or purified versions, have  larger 
particle densities compared to the ones formed from the M3(HT)1 organoclays. However, 
in contrast to polypropylene nanocomposites, the clay particle densities for these PA-6 
nanocomposites based on purified and as-received versions of the same organoclay were 
about the same. Since the polar polyamide interacts better with the hydrophilic silicate 
platelets than the organic surfactant, removal of the excess surfactant does not affect the 
morphologies of the PA 6 nanocomposites although the differences in the thermal 
stability of the purified and as-received organoclays are significant. 
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(b) PA-6/ Purified SCPX 1137 (MER = 85) 
Figure 4.14: TEM images of PA-6/ M3(HT)1 organoclay nanocomposites. The samples 
were taken from the core portion of an Izod bar and viewed parallel to the 
transverse direction. 
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(b) PA-6/ Purified SCPX 2730 (MER = 84) 
Figure 4.15: TEM images of PA-6/ M3(C16)1 organoclay nanocomposites. The samples 
were taken from the core portion of an Izod bar and viewed parallel to the 
transverse direction. 
 
Table 4.2: Particle density analysis of PA 6 nanocomposites 
Sample (~ 5 wt% MMT) Total area 
analyzed 
( 2mµ ) 
Total 
number of 
particles 
Particle density 
(particles/ 
2mµ ) 
PA-6/ M3(HT)1 organoclay 3.65 1130 310 
PA-6/ purified M3(HT)1 organoclay 3.35 1060 320 
PA-6/ M3(C16)1 organoclay 3.65 1330 360 
PA-6/ purified M3(C16)1 organoclay 3.66 1410 380 
 
CONCLUSIONS 
Two series of organoclays, two-tail organoclays, i.e., M2(HT)2 organoclays, with 
various levels of excess surfactant, and as-received or purified single-tail organoclays, 
M3(HT)1 and M3(C16)1 organoclays, were selected to form polypropylene and nylon 6 
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nanocomposites, respectively, and to explore the effect of organoclay degradation or the 
presence of excess surfactant on morphology and properties of nanocomposites as 
evaluated by TEM, WAXS and mechanical tests (tensile and Izod).  
As reported in Chapter 3, the purification level and surfactant loadings of 
organoclay significantly affect their thermal stability; however, broadly speaking, the 
results from the various characterization techniques are consistent with each other 
suggesting that these differences in thermal stability do not appear to have much effect on 
the morphology and properties of the nanocomposites formed from them. For 
polypropylene nanocomposites formed from the M2(HT)2 organoclays, purification of 
Cloisite 20A organoclay appears to have some adverse effects on the organoclay 
dispersion, but it does not have a significant effect on mechanical properties. For PA-6 
nanocomposites, purification of the as-received organoclays does not significantly alter 
the morphology or the mechanical properties of these nanocomposites with the exception 
of some reduction in elongation at break, for which there is no plausible explanation.  
It could be argued that the degradation of the surfactant would be detrimental to 
dispersion or exfoliation of the organoclay. However, it should be remembered that both 
degradation and exfoliation in the extruder are rate processes; it is possible that, in some 
cases, the exfoliation / dispersion process is completed on a time scale before degradation 
has progressed to a detrimental level. 
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Chapter 5:  Polyamide- and polycarbonate-based nanocomposites 
prepared from thermally stable imidazolium organoclay  
Melt processing is an attractive approach for forming polymer nanocomposites 
due to its advantages for commercial production. In this process, the polymer and 
organoclay are heated to temperatures well above the melting or softening point of the 
polymer, typically above 200oC. Thus, for polymers that require high melt processing 
temperatures, e.g., polyamides and polycarbonates, the thermal stability of the organic 
component of the modified clay and its impact on the ability to exfoliate the clay platelets 
plus any consequent effect on the polymer matrix are issues that must be considered. As 
reported previously [1-3], the traditional amine-based organic surfactants used to modify 
commercial organoclays begin to show measurable thermal degradation at temperatures 
as low as 180 oC. Prior studies in this laboratory have suggested that the byproducts 
formed from the breakdown of the organic surfactant might lead to degradation of the 
polymer during melt processing [2, 4]. Imidazolium-type cations have been reported to be 
much more thermally stable than ammonium-based cations [5-9]. Davis et al. [8] reported 
some fairly well exfoliated poly(ethylene terephthalate) nanocomposites with less 
intensive color formation using an imidazolium surfactant modified organoclay compared 
to that shown by nanocomposites formed from ammonium surfactant modified 
organoclay. The syndiotactic polystyrene (s-PS) /Imidazolium organoclay 
nanocomposites formed by Manias et al. [10] using a static melt-intercalation method at 
290oC show intercalated morphology and slightly improved thermal stability compared to 
that of the neat s-PS. 
In this study, two organoclays with remarkable differences in thermal stability, 
based on an imidazolium cation and an ammonium cation where each contains one long 
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alkyl tail, were used to form nanocomposites. Polyamide 6 (PA-6) and polycarbonate 
(PC) were chosen as the polymer matrices for this study. PA-6 is well known for its 
capability to form well-exfoliated nanocomposites from organoclays [11-14], while PC is 
susceptible to a variety of degradation reactions [15-18], during melt blending with 
commercial organoclays [4]. This paper explores the possible advantages of the more 
thermally stable imidazolium-based organoclay over a more conventional ammonium-
based organoclay for facilitating exfoliation and minimizing polymer matrix degradation 
and color formation. The extent of clay exfoliation is judged by analysis of the 
morphology and tensile modulus of the nanocomposites formed using a DSM 
Microcompounder, while the extent of polymer matrix degradation and color formation 
experienced during the melt processing of the nanocomposites are characterized through 
the determination of the polymer molecular weight and colorimeter measurements.  
EXPERIMENTAL 
Materials 
Two commercial polymers, i.e., Capron B135WP (PA-6) from Honeywell and 
Iupilon E2000FN (PC) supplied by Mitsubishi Engineering Plastic Corporation, were 
used in this study to form the two series of melt compounded nanocomposites.  
The octadecyl-trimethyl ammonium chloride surfactant used was supplied by 
Akzo Nobel. The 1-octadecyl-3-methyl imidazolium bromide surfactant was synthesized 
using chemicals purchased from Sigma-Aldrich (Milwaukee, WI USA).  The chemicals 
were used as received with the exception of 1-bromooctadecane, which was received as a 
dark brown solid.  This material was dissolved in n-hexane and the solution was passed 
through a plug of silica.  The clear, colorless filtrate was reduced via rotary evaporation 
and the remaining product was dried under vacuum at 65 oC for several hours. 
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Subsequent cooling to ambient temperature produced a colorless solid. 90.00 g (269.9 
mmol) purified 1-bromooctadecane was dissolved in 200 mL toluene, and 19.95 g (243.0 
mmol) 1-methylimidazole was added. The reaction was heated at reflux (110 oC) 
overnight.  After this, cooling of the reaction mixture produced a white solid, which was 
collected and washed with 500 mL Et2O. 1-octadecyl-3-methylimidazolium bromide was 
recrystallized from 700 mL hot EtOAc followed by being dried under vacuum as a fine 
white powder (Yield = 97.52g (96.6%)). The imidazolium bromide salt formed is quite 
pure, as evidenced by the 1H NMR spectrum (400 MHz, DMSO) in Figure 5.1. The 
primary chemical shifts are described as follows: δ = 9.11 (s, 1H), 7.74 (dt, J = 1.8, 
26.8, 2H), 4.14 (t, J = 7.2, 2H), 3.84 (s, 3H), 1.77 (dd, J = 7.3, 14.3, 2H), 1.23 (s, 30H), 
and 0.85 (t, J = 6.9, 3H). The peak at 2.50 ppm is DMSO in d6-DMSO, and the peak at 
about 3.35 ppm is water in the d6-DMSO. 
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Figure 5.1:  1H NMR spectrum of 1-octadecyl-3-methylimidazolium bromide. 
The two experimental organoclays based on montmorillonite were formed at 
Southern Clay Products, Inc. using a cationic exchange procedure. The aqueous 
suspension of sodium montmorillonite (CEC = 92 milliequivalent per 100 g) containing ~ 
3 % dry clay was heated to 65 °C to promote the cationic exchange reaction, and then 
was reacted in a stirred tank by pouring 95 milliequivalent of the surfactant based on 100 
g of the sodium montmorillonite for 30 min.  Then, the flocculated organoclay was 
transferred to a homogenizer to finish the reaction followed by washing and vacuum 
filtering.  The excess water was removed in a convection oven.  The dry organoclay 
was milled to a fine powder which passed through a 0.12 mm screen and subsequently a 
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0.08 mm screen. Neither of the organoclays formed was subjected to the frequently 
reported [1, 8, 19-21] exhaustive purification protocol to remove the excess unreacted 
surfactant and the by-product sodium halide of the ion-exchange process. The presence of 
the residual neucleophilic halide anions usually impair the thermal stability of 
organoclays [1, 5, 22], which may consequently contribute to the degradation of the 
matrix polymer; however,  the major difference in the thermal stability of the two 
organoclays originates from their cation types, and the purity of these organoclays is not 
the key issue for this investigation. 
Melt processing 
PA-6 and PC nanocomposites were prepared by using a DSM 5 melt compounder, 
with the protection of an extra dry N2 purge. The barrel temperature was set at 240 oC in 
the case of nylon 6 and 260 oC for polycarbonate. For both series of nanocomposites, the 
polymer and organoclay were added at the same time. All materials were dried in a 
vacuum oven at 80 oC overnight prior to use. 
Test bars were formed using a DSM micro-injection molding machine with the 
mold temperature set at 80 oC and the barrel temperature at 245oC for PA-6 
nanocomposites and 265 oC for polycarbonate nanocomposites. The injection molding 
pressure and holding pressure were both set at 60 bar.  
Characterization 
Morphology 
The morphology of the nanocomposites was probed using wide angle X-ray 
scattering (WAXS) and transmission electron microscopy (TEM).  
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Modulus 
The modulus of the nanocomposites was determined via tensile tests according to 
ASTM D638 using an Instron model 1137, upgraded for computerized data acquisition, 
operated at a crosshead speed of 0.51 cm/min using an extensometer. Failure properties 
were not measured, because dumb-bell shaped specimens could not be prepared by the 
available molds for the micro-injection molding machine. 
TGA 
Thermogravimetric analysis (TGA) was carried out on neat organoclays to 
examine thermal stability. The experiments were conducted using a Perkin–Elmer TGA 7 
under nitrogen atmosphere at a gas flow rate of 20 mL/min. Both organoclays were kept 
in a vacuum oven overnight at 80 oC prior to thermal analysis to remove most of the 
moisture and volatiles that existed in the organoclay samples. Before performing the 
TGA tests, the samples were held at 110 oC until their weight stabilized. Two thermal 
protocols were used: (1) heating at the constant rate of 20 oC/min from 110 oC to 750 oC 
and (2) heating isothermally at various temperatures. 
Color measurements 
Color values of injection molded nanocomposite bars were determined in the 
reflective mode by a colorimeter, MICRO S-5 Brightmeter equipped with a quartz–
tungsten–halogen lamp. The CIELAB color values, L* and YI, which represent the 
darkness and yellowness of color in the chromaticity coordinates respectively, were 
computed using a series of formulas described in ASTM E313, and used to quantify 
differences in color among the various nanocomposites. 
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Size Exclusion Chromatography (SEC) 
The samples were analyzed by a triple detection SEC system comprised of an 
Alliance 2695TM Separation Module (Waters Corporation, Milford, MA, USA) with 
column and sample heaters at 35 oC and three on-line detectors: differential refractive 
index detector (DRI) from Waters, model 2414, differential capillary viscometer (CV) 
and two-angle light scattering photometer (LS) included in the dual detector module 
Viscotek 270 (Viscotek, Houston, TX, USA). A Waters EmpowerTM version 2 
chromatography manager with triple detection SEC option was used for data acquisition, 
processing and reporting.   
All experiments with PA-6 containing samples were performed in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) with 0.01M sodium trifluoroacetate (TFA) from Sigma 
(St. Louis, MO, USA), which was used both as a mobile phase and a sample solution. A 
column set consisting of three styrene-divinylbenzene Shodex columns (J M Science, 
Grand Island, NY, USA), two GPC HFIP–806MTM with exclusion limit 2×107 and one 
Shodex GPC HFIP–804M TM with exclusion limit 2×105, was used for all separations in 
HFIP.  For the PC-based nanocomposites, tetrahydrofuran (THF) stabilized with 
0.025% 2,6-di-tert-butyl-4-methylphenol from J.T Baker, Phillipsburg, NJ, USA, was 
used as a mobile phase and a sample solution, together with a set of three styrene-
divinylbenzene columns from Polymer Laboratories (Church Stretton, UK): two PL Gel 
Mixed C linear columns and one PL Gel 500A column with exclusion limits similar to 
those used in the HFIP experiments.  
The samples (both neat polymers and nanocomposites) were prepared at 2 mg/ml 
concentration in the mobile phase solvent with 4 hours allowed for dissolution at room 
temperature with moderate agitation using automatic sample preparation system PL 260 
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TM from Polymer Laboratories. All sample solutions were passed through a 0.45 µm 
PTFE membrane filter prior to injection.  
The triple detection data reduction method was used to calculate molecular weight 
distribution (MWD), average molecular weights and intrinsic viscosity ( ][η ) without 
column calibration. The detail description of the method including the incorporated 
customized algorithm is published elsewhere [23].  
Dilute solution viscosity measurements 
Viscosity was determined for dilute solution of dried extruded PA-6 pellets in m-
cresol at concentration 0.4 g/dL using a size 200 Cannon-Fenske viscometer (ASTM 
D446) at 25oC. An intrinsic viscosity, ][η , was calculated by the Solomon-Ciuta equation 
[24, 25]: 
ctttt /]}1)/ln()/[(2{][ 5.000 −−=η                                          (1) 
where c  is the concentration of the solution, t  is the flow time of solution and 0t is the 
flow time of pure solvent. Similar measurements were conducted on unfiltered 
dispersions of PA-6–based nanocomposites in m-cresol assuming that clay has a 
negligible effect on the polymer solution viscosity [2]. The approximate viscosity-
average molecular weight, vM , for each sample was calculated from the intrinsic 
viscosity value using Mark-Houwink equation for PA-6 in m-cresol with parameters 
derived in [26]: 
745.041026.5][ vM−×=η                                                   (2) 
RESULTS AND DISCUSSION 
Thermal stability of organoclays 
The degradation of the organoclays was monitored by thermogravimetric analysis, 
TGA, using both temperature sweep and isothermal runs; results are shown in Figure 5.2. 
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The signals from the TGA have been scaled to represent the weight percent remaining of 
the surfactant originally on the organoclay, since the inorganic aluminosilicate remains 
stable and its weight will not change during the tests at the temperatures used. As 
expected, the differences in the thermal stability of these two organoclays are quite 
remarkable. The surfactants used to form the two organoclays both have one long alkyl 
tail; however, the cations are of imidazolium and ammonium types, respectively. 
Obviously, the organoclay modified by the imidazolium-based surfactant is far more 
thermally stable than that from the ammonium-based surfactant. Figure 5.2 (a) clearly 
shows that the imidazolium-type organoclay begins to decompose at 300 oC; whereas, at 
this temperature, the ammonium-type organoclay has already lost about 20 % of its 
surfactant weight. Figure 5.2 (b) and (c) offer obvious proof of their dramatically 
different thermal behavior from another perspective. Isothermal runs at two different 
temperatures, 240 oC and 260 oC, which are the melt processing temperatures for PA-6 
and PC nanocomposites, respectively, were performed on the two organoclays over the 
course of 10 min, which is the residence time used to melt process these nanocomposites. 
The results clearly show significant differences in the thermal stability of these two 
organoclays. After 10 min at 240 oC, the imidazolium organoclay has only lost about 1 % 
of its surfactant, while the ammonium organoclay lost more than 10 %. The results shown 
in Figure 5.2 (c) reveal even more remarkable differences at the elevated test temperature 
(260 oC), with the imidazolium type organoclay still retaining 98 % of its surfactant and 
the ammonium type organoclay losing almost 20 % of its surfactant in 10 minutes. 
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Figure 5.2:  Comparison of thermal stability by TGA of the two organoclays, M3(C18)1 
and Imidazolium (C18)1: (a) temperature sweeps at 20 oC/min, (b) 
isothermal at 240 oC, and (c)  isothermal at 260 oC. 
PA-6 nanocomposites 
Morphology 
Properly prepared TEM images offer the most direct visualization of the 
dispersion of the clay particles in nanocomposites. Figure 5.3 compares the morphology 
of PA-6 nanocomposites based on both the ammonium and imidazolium organoclays. 
Fairly well-exfoliated morphologies can be observed in all the PA-6 nanocomposites. 
With closer examinations of these TEM images, some differences in the organoclay 
exfoliation can be detected. Most of the particles in the nanocomposites formed from 
ammonium-type organoclay are single platelets, while for the imidazolium organoclay, 
some thin stacks of platelets can be observed along with the single platelets. 
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(a)                                   (b) 
 
     
(c)                                    (d) 
Figure 5.3: TEM images of PA-6 nanocomposites based on (a) M3(C18)1 organoclay (~ 
3 wt% MMT), (b) M3(C18)1 organoclay (~5 wt% MMT), (c) Imidazolium 
(C18)1 organoclay (~ 3 wt% MMT), and (d) Imidazolium (C18)1 organoclay 
(~5 wt% MMT). The samples were taken from the core portion of an Izod 
bar and viewed parallel to the transverse direction. 
The WAXS scans of these PA-6 nanocomposites prepared from the imidazolium 
and ammonium organoclays are shown in Figure 5.4; scans for neat organoclays are also 
included for comparison. The scans for the two organoclays show very similar patterns, 
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and their characteristic basal peaks are at almost the same position, suggesting similarly 
expanded clay galleries after the cationic exchange with either the ammonium or the 
imidazolium cation. The scans of the nanocomposites containing various MMT loadings 
corroborate what is seen in the TEM images. For PA-6/M3(C18)1 organoclay 
nanocomposites, only slight hints of curvature can be observed at very low angles, 
suggesting a fairly well-exfoliated morphology. For PA-6/Imidazolium (C18)1 
organoclay nanocomposites, broad peaks at lower angles with respect to those shown by 
neat organoclays can be clearly seen especially for the nanocomposite with higher MMT 
loading (~ 5wt% MMT); these features are indicative of not fully exfoliated stacks of 
clay platelets. 
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Figure 5.4: WAXS scans for the M3(C18)1 and Imidazolium (C18)1 pristine organoclays 
and PA-6 based nanocomposites containing ~ 3 and 5 wt% MMT. The 
curves are vertically offset for clarity. 
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The slightly poorer organoclay exfoliation observed in PA-6/Imidazolium (C18)1 
organoclay nanocomposites might be attributed to the difference in size and charge 
density or charge distribution of the imidazolium cation compared to the ammonium 
cation; the larger imidazolium cations cover more of the silicate surfaces, which reduces 
the beneficial interactions between the polar PA-6 polymer and hydrophilic silicate 
platelets [12, 27, 28]. This line of reasoning is consistent with our experience with a 
variety of surfactant structures; however, at the present time, this should be regarded as 
only a reasonable hypothesis. The nature of the charge may affect the interaction with the 
platelet surface and the polymer. 
Modulus 
The moduli of these PA-6 nanocomposites formed from the ammonium M3(C18)1 
and imidazolium (C18)1 organoclays are plotted versus MMT content in Figure 5.5. The 
addition of organoclay to the PA-6 matrix produces significant increases in modulus for 
both types of organoclay. The nanocomposites based on the M3(C18)1 organoclay show 
slightly higher moduli than those based on the imidazolium (C18)1 organoclay at various 
clay loadings. This result is consistent with the results shown by TEM and WAXS, since 
better exfoliation usually leads to higher level of reinforcement. 
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Figure 5.5: Tensile modulus of PA-6 nanocomposites formed from the M3(C18)1 and 
Imidazolium (C18)1 organoclays. 
Color formation 
Generally more intense color formation, i.e., darker and more yellow, suggests 
more severe degradation of the polymer matrix, organoclay, or the combination thereof 
[2, 4, 15, 17, 18, 29, 30]. Figure 5.6 visually shows the color of PA-6 nanocomposites 
formed from the two organoclays, and Figure 5.7 (a) and (b) quantitatively document the 
color of each nanocomposite. In general, the depth of color and the yellowness 
determined visually show good correlations with the L* and yellowness index (YI) 
values, respectively. As expected, nanocomposites with higher MMT loadings show 
darker and more yellow color as observed visually and indicated by lower L* values and 
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higher YI values; however, the nanocomposites with the same clay loading formed from 
the the two organoclays show very similar color in both darkness and yellowness. 
 
 
Figure 5.6: Visual comparison of the color formation of PA-6 nanocomposites formed 
from the M3(C18)1 and Imidazolium (C18)1 organoclays. 
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Figure 5.7: Comparison of the color formation by colorimeter measurements of PA-6 
nanocomposites formed from the M3(C18)1 and Imidazolium (C18)1 
organoclays: (a) darkness, L*, and (b) ASTM yellow index.  
Molecular weight determination 
A multidetector SEC method was utilized to analyze molecular structure of the 
PA-6 matrix in these nanocomposites. This method allows for direct measurement of 
molecular weight and intrinsic viscosity of the separated fractions without need for 
column calibration but requires an accurate value of refractive index increment, dn/dc, of 
the polymer in HFIP used as a mobile phase and a sample solution. We found dn/dc = 
0.235 using the area under the DRI chromatogram for neat PA-6, which is close to the 
published value [31]. The same value was applied to all PA-6 nanocomposites, which 
were filtered prior to injection. A small amount of sodium TFA was added to HFIP to 
avoid non-size-exclusion effects reported in the literature [31].  
 101
The calculated average molecular weights, polydispersity index (PDI = 
nw MM / ) and intrinsic viscosity, ][η ,  measured by SEC in HFIP are summarized in 
Table 5.1. One can see that the molecular weight of PA-6 is slightly reduced when neat 
PA-6 is processed in the DSM Microcompounder at 240 oC for 10 min. As the 
polydispersity of the polymer did not change, we can assume that a very slight random 
chain scission hydrolysis reaction took place in the compounder. However, after melt 
mixing with the organoclays, the calculated polymer molecular weights as well as 
polydispersity substantially increased with respect to that of the extruded neat polymer, 
without any noticeable changes of intrinsic viscosity. This observation clearly indicates 
the presence of branched structures in the dissolved polymer nanocomposites and is 
confirmed by the shape of the individual traces from the different detectors shown at 
Figures 5.8 and 5.9. Thus, all three detector responses are proportional to the 
concentration of the separated fractions, but the LS response is also proportional to the 
molecular weight, and the CV response is proportional to intrinsic viscosity (size) of the 
macromolecules [23]. The appearance of an additional, lower elution time (high-
molecular weight) peak at the light scattering traces (ca. 20 mL elution volume) of PA-6 
nanocomposites indicates some very high-molecular weight fractions absent in the 
extruded neat polymer as well as in the organoclays which were dispersed in HFIP, 
filtered and injected in the SEC system for comparison (an additional peak at the DRI 
trace at 34 mL elution volume is most probably caused by the residual surfactant not 
attached chemically to the clay particles). These branched (crosslinked) structures are 
highly dense and have lower concentration in solution which explains why they are 
practically not seen in the DRI and CV chromatograms, and while they significantly 
increase the observed molecular weight (especially z-average molecular weight, zM ), 
they do not affect the intrinsic viscosity of the solution or can make it even smaller due to 
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reduction in size of branched macromolecules (see Table 5.1). This observation was 
confirmed also by the solution viscosity measurements of PA-6 nanocomposites in m-
cresol.  The results shown in Table 5.2 reveal only a very slight decrease (less than 6 %) 
in the apparent vM  value for the PA-6 in the nanocomposites as compared to that of the 
extruded neat PA-6. 
Table 5.1: Average molecular weights and intrinsic viscosity of PA-6 determined by 
multidetector SEC in HFIP 
Sample nM  
(g/mol) 
wM  
(g/mol) 
zM  
(g/mol) 
PDI ][η  
(dL/g) 
As-received PA-6 29,900 59,500 88,900 1.99 2.4 
      
Extruded PA-6 28,100 56,000 82,000 1.99 2.3 
      
PA-6/M3(C18)1 organoclay 
 (~ 3 wt% MMT) 
35,200 74,900 124,000 2.35 2.1 
      
PA-6/M3(C18)1 organoclay  
(~ 5 wt% MMT) 
31,300 66,600 106,000 2.38 2.4 
      
PA-6/Imidazolium (C18)1 
organoclay  
(~ 3 wt% MMT) 
29,900 70,200 122,000 2.13 2.5 
      
PA-6/Imidazolium (C18)1 
organoclay  
(~ 5 wt% MMT) 
33,100 78,700 139,000 2.13 2.4 
Table 5.2: Viscosity-average molecular weight of PA-6 determined from intrinsic 
viscosity in m-cresol 
Sample vM  
(g/mol) 
vM  Reduction 
(%) 
Extruded PA-6 58,300 -- 
   
PA-6/M3(C18)1 organoclay                       
(~ 3 wt% MMT) 
55,400 5.0 
   
PA-6/Imidazolium (C18)1 organoclay  
(~ 3 wt% MMT) 
55,000 5.7 
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Figure 5.8: SEC traces, (a) DRI, (b) CV, and (c) LS at 90o scattering angle, of extruded 
PA-6 and PA-6 nanocomposites formed with Imidazolium  (C18)1 
organoclay. 
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Figure 5.9: SEC traces, (a) DRI, (b) CV, and (c) LS at 90o scattering angle, of extruded 
PA-6 and PA-6 nanocomposites formed with   M3(C18)1 organoclay. 
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The branched structures observed in the PA-6 nanocomposites, even in very dilute 
solution used for the SEC experiments, most probably contain small exfoliated nanoclay 
particles as branched points, and are stable even in a very strong solvent such as HFIP. 
The PA-6 nanocomposites have a very well exfoliated morphology, which offers large 
interfacial area between the polymer matrix and the aluminosilicates or various amine 
surfactants. If any of the components, either the silicate platelets or the surfactant 
molecules, have the potential of causing branching or crosslinking type behavior, these 
effects will be exaggerated in these well exfoliated PA-6 nanocomposites. It is obvious 
that in the SEC experiments we can see only a small portion of the branched structures 
with submicron size, while the majority of them, together with chemically non-bound 
nanoclay, are either filtered out prior to injection or are trapped in the columns or the 
column frits. It might be speculated that such structures contribute to the observed 
increase in tensile modulus for both types of organoclays. Note that similar branched 
structures were previously reported for polyester/silica nanocomposites [25]. 
The SEC and viscosity measurements of melt blended PA-6 nanocomposites did 
not reveal a noticeable reduction in polymers molecular weight reported previously for 
surfactants containing various levels of unsaturation [2, 32]. The surfactants used here 
contain saturated hydrocarbon tails and the melt processing was conducted under 
nitrogen protection, which significantly reduces the degradation through thermal and 
oxidation routes compared to surfactants containing unsaturated carbon bonds. It has 
been reported that the free radicals generated through the thermo-oxidation of the double 
bonds can attack the polymer, which may result in chain scission and, hence, a reduction 
in polymer molecular weight [2]. The effect of some possible degradation of the PA-6 
matrix may also be compensated by aforementioned crosslinking reaction initiated by the 
imidazolium (C18)1 or M3(C18)1 organoclays.  
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Polycarbonate nanocomposites 
Morphology 
TEM images of the PC nanocomposites formed from the two organoclays are 
compared in Figure 5.10. Unlike PA-6 nanocomposites, relatively large organoclay 
particles containing many aluminosilicate platelets can be observed in all the PC 
nanocomposites, indicating rather poor exfoliation of the organoclays. Simple visual 
inspection of these images obtained from nanocomposites based on various organoclays 
does not reveal significant differences. A quantitative particle analysis of these images 
using similar methods as described previously [28, 33, 34] was conducted for each 
sample with the results summarized in Table 5.3. The clay particles in the PC/ M3(C18)1 
organoclay mixture are larger on average in both length and thickness, and the density of 
particles is lower, than for the PC/Imidazolium (C18)1 organoclay mixture. The aspect 
ratios of the particles are quite similar, but the imidazolium (C18)1 organoclay particles 
have a slightly higher value. The smaller particle length and thickness but higher particle 
density and aspect ratio are quantitative indicators of better organoclay dispersion and 
exfoliation in nanocomposites. Based on this analysis, it appears the imidazolium (C18)1 
organoclay leads to slightly better exfoliation in PC than does the M3(C18)1 organoclay. 
Table 5.3: Particle analysis results on PC nanocomposites 
Organoclay used PC nanocomposites 
(~ 5 wt% MMT) M3(C18)1 organoclay Imidazolium (C18)1 
organoclay 
Particle length, nl  (nm) 590 404 
Particle thickness, nt  (nm) 31.6 20.6 
Aspect ratio, nn tl /  9.33 9.79 
Total area analyzed ( 2mµ ) 32.6 32.6 
Particle density 
( 2/ mparticles µ ) 
10 14 
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(a)                                  (b) 
 
    
(c)                                 (d) 
Figure 5.10: TEM images of PC nanocomposites based on (a) M3(C18)1 organoclay (~ 3 
wt% MMT), (b) M3(C18)1 organoclay (~5 wt% MMT), (c) Imidazolium 
(C18)1 organoclay (~ 3 wt% MMT), and (d) Imidazolium (C18)1 organoclay 
(~5 wt% MMT). The samples were taken from the core portion of an Izod 
bar and viewed parallel to the transverse direction. 
Figure 5.11 shows the WAXS scans for the PC nanocomposites with the scans of 
neat organoclays included for comparison. All the PC nanocomposites prepared in this 
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study reveal distinctive multiple peaks. The 001d  peaks all largely shifted to the left, 
higher d -spacing, as compared to the peak positions of corresponding organoclays, 
indicating that there is some intercalation into the organoclay galleries but exfoliation is 
much poorer than seen in PA-6. These results agree very well with the morphologies 
observed by TEM. It is interesting to note that secondary reflections only appear in x-ray 
scans of nanocomposites, not in those of the neat organoclays. This may be attributed to 
the better particle alignment in nanocomposites, realized during the injection molding 
[27].  
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Figure 5.11: WAXS scans for the M3(C18)1 and Imidazolium (C18)1 pristine organoclays 
and PC based nanocomposites containing ~ 3 and 5 wt% MMT. The curves 
are vertically offset for clarity. 
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Modulus 
Tensile moduli were measured for the PC nanocomposites formed from both the 
ammonium and the imidazolium organoclays with the results shown in Figure 5.12. As 
expected, addition of organoclay increases the moduli of these materials. Interestingly, 
the moduli of the PC/M3(C18)1 organoclay nanocomposites are slightly higher than those 
of the PC/Imidazolium (C18)1 organoclay nanocomposites, which is opposite to our 
expectation based on the better exfoliation achieved in PC/Imidazolium (C18)1 
organoclay nanocomposites. 
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Figure 5.12: Tensile modulus of PC nanocomposites formed from the M3(C18)1 and 
Imidazolium (C18)1 organoclays. 
Color formation 
The extent of color formation is documented both visually and quantitatively in 
Figure 5.13 and 5.14 respectively. Simple examination by eye of the injection molded 
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rectangular bars does not reveal significant differences. Quantitative examination using 
the yellowness index as an indicator shows that nanocomposites containing ~ 3 wt% 
MMT formed from the two organoclays have similar yellowness in color, while, as the 
clay loading gets higher, comparing nanocomposites with ~ 5 wt% MMT, the one formed 
from the imidazolium organoclay is more yellow in color. 
 
 
Figure 5.13: Visual comparison of the color formation of PC nanocomposites formed 
from the M3(C18)1 and Imidazolium (C18)1 organoclays. 
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Figure 5.14: Comparison of the ASTM yellow index by colorimeter measurements of PC 
nanocomposites formed from the M3(C18)1 and Imidazolium (C18)1 
organoclays.  
Molecular weight determination 
Multidetector SEC was used to determine the degradation of the polycarbonate in 
the neat state and in the nanocomposites.  The results shown in Table 5.4 are 
significantly different from those obtained for the PA-6 nanocomposites. As seen for PA-
6, the extruded virgin PC has a slightly reduced molecular weight and intrinsic viscosity 
compared to as-received PC. However, the matrix molecular weight and intrinsic 
viscosity reductions observed in the PC nanocomposites are far greater than that 
experienced by the extruded neat polymer; no indications of branched structures (e.g., 
bimodality of the LS trace or increase in molecular weight or polydispersity) were 
observed in the case of the PC nanocomposites.  More severe molecular weight 
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reductions are observed in PC nanocomposites formed from the imidazolium organoclay. 
This result might be attributed to the better exfoliation, in other words, the larger surface 
area of organoclay exposed to the polymer matrix, found in PC/Imidazolium (C18)1 
organoclay nanocomposites, since the degradation of the polycarbonate matrix is 
believed to stem from chemical reactions with the organoclay surface either via the 
degradation products of the surfactant or the metal ions in the aluminosilicate platelets 
[4]. In addition, the highly acidic hydrogen on the “2” position (the carbon between the 
two nitrogen atoms in the ring) in the imidazolium cation is active [5, 35] and may lead to 
degradation of polycarbonate. The more severe polymer degradation (degradation 
byproducts and molecular weight reduction of polymer matrix) in nanocomposites 
formed from imidazolium (C18)1 organoclay might be responsible for the slightly lower 
moduli observed for the nanocomposites formed from the imidazolium (C18)1 organoclay 
than those from the PC/M3(C18)1 organoclay.  
Table 5.4: Average molecular weights and intrinsic viscosity of PC determined by 
multidetector SEC in THF 
Sample nM  
(g/mol)
nM * 
reduction 
(%) 
wM  
(g/mol)
zM  
(g/mol) 
PDI ][η  
(dL/g)
As-received PC 8,340 -- 19,000 31,400 2.28 0.34 
       
Extruded PC 8,090 -- 18,800 31,300 2.33 0.33 
       
PC /M3(C18)1 
organoclay 
(~ 3 wt% MMT) 
6,860 15.2 15,800 26,000 2.31 0.30 
       
PC /M3(C18)1 
organoclay 
(~ 5 wt% MMT)  
6,060 25.2 14,100 23,700 2.33 0.28 
       
PC /Imidazolium 
(C18)1 organoclay 
(~ 3 wt% MMT) 
5,510 32.0 12,500 21,700 2.27 0.24 
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PC /Imidazolium 
(C18)1 organoclay 
(~ 5 wt% MMT) 
5,870 27.5 13,700 22,800 2.33 0.26 
* The reduction percentage is relative to the nM  of virgin extruded polycarbonate. 
 
SUMMARY AND CONCLUSIONS 
Organoclays based on ammonium-type and imidazolium-type surfactants were 
shown to have significantly different thermal stabilities. These organoclays were also 
used to form PA-6 and PC nanocomposites using a DSM Microcompounder. The effects 
of the different chemical structure and thermal stability of these surfactants in the 
organoclays on the morphology and properties of the nanocomposites formed are 
compared. Morphology was assessed by TEM and WAXS. Tensile modulus was also 
used as an indicator of organoclay exfoliation. Differences in color formation and 
molecular weight change of the matrix polymers after melt blending with the organoclays 
were determined.  
For PA-6, the imidazolium (C18)1 organoclay resulted in slightly poorer 
organoclay exfoliation than the ammonium M3(C18)1 organoclay; however, this did not 
result in a very significant difference in the properties of the nanocomposites formed. 
Both organoclays form fairly well-exfoliated nanocomposites. Incorporation of 
organoclay in the PA-6 matrix produces only slight changes in color and an increase in 
polymer molecular weight due to branching reaction. 
For PC nanocomposites formed from the two organoclays, only intercalated 
morphologies can be achieved by melt processing. Unlike the PA-6 nanocomposites, it 
appears that PC nanocomposites from the imidazolium (C18)1 organoclay has a slightly 
better exfoliated structure, as suggested by the particle analysis results. However, as a 
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trade-off for better exfoliation, the PC/Imidazolium (C18)1 organoclay nanocomposites 
developed more intensive yellow color and the matrix polymer experienced more severe 
molecular weight reduction due to the increased surface area of the organoclay. 
Based on the results in this study, it seems that the thermal stability of 
organoclays is not the key factor in organoclay exfoliation in melt processed polymer 
nanocomposites, since the exfoliation /dispersion process may have been completed on a 
time scale before the degradation of surfactant progresses to a detrimental level [33]. On 
the other hand, it appears that the size and geometric structure of the surfactant cations 
may play a significant role; it is speculated that the larger imidazolium cations cover 
more of the silicate surface leading to less favorable interactions between the organoclay 
and the polymer matrix so that the organoclay exfoliation level PA-6 nanocomposites is 
reduced slightly. There is no simple direct correlation between the thermal stability of the 
organoclay and the molecular weight reduction of the polymer matrix. The more 
thermally stable imidazolium (C18)1 organoclay does not lead to less molecular weight 
reduction of the polymer matrices either in PA-6 or PC nanocomposites. 
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Chapter 6:  Evaluation of amine functionalized polypropylenes as 
compatibilizers for polypropylene nanocomposites 
To achieve a high degree of exfoliation of the aluminosilicate layers within the 
polymer matrix using a convenient and economical process, like melt compounding, 
extensive studies have been reported recently on the effects of processing variables, 
organoclay structure, organoclay-polymer interaction, etc on exfoliation and property 
development [1-5]. From this background, it has become clear that unmodified 
polyolefins lack the intrinsic thermodynamic affinity with the currently available 
organoclays to form well-exfoliated nanocomposites[1, 2, 6, 7];  yet, in principle, 
materials like polypropylene, PP, would offer the greatest commercial opportunity for 
such technology. The use of a “compatibilizing” component has proved to be at least a 
partial solution to this problem; maleated polypropylene, PP-g-MA, has become the 
widely accepted standard for this function [8-12]. Even though PP-based nanocomposites 
containing PP-g-MA are not as well exfoliated as those based on more polar polymers 
like nylon 6 [4, 5, 13], this approach has allowed commercialization to go forward. 
Clearly more extensive utilization of PP-based nanocomposites would be possible 
if a more effective or less expensive compatibilizer were available. The purpose of this 
study is to explore the possibility of other functional PPs that might serve as a better 
compatibilizer than PP-g-MA. It has been reported [14] that an ammonium terminated PP 
(PP-t-NH3+) forms a very well exfoliated nanocomposite when combined with clay using 
a static melt intercalation technique; this chemical approach seems promising. Inspired by 
this idea, we explore here a practical way to produce amine funtionalized PP materials 
and test their effectiveness as compatibilizers for PP nanocomposites using conventional 
melt processing techniques. Wang etc. also proposed a possible cation exchange reaction 
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[14] between PP-t-NH3+ and the sodium cations at the MMT surfaces during the 
formation of nanocomposites, which would exfoliate the clay platelets. To test this idea, 
we used both sodium montmorillonite and an ammonium surfactant modified 
montmorillonite organoclay as the nanofillers for the nanocomposites. 
 
EXPERIMENTAL 
The PP matrix polymer is a commercial injection molding grade from Basell with 
a melt index of 37. The PP-g-MA selected for this work was PB3200, supplied by 
Crompton, which contains 1 wt% maleic anhydride groups; this material has been shown 
by other studies to be effective for promoting exfoliation of organoclays in polypropylene 
nanocomposites[15-19]. It has a high melt index because of the chain scission that 
accompanies grafting. Such matereials are made by reactive extrusion of PP with maleic 
anhydride and a peroxide [20, 21]. The free radicals produced by the peroxide abstract 
hydrogens from the carbon backbone of PP. These sites allow grafting of maleic 
anhydride, typically only one unit is added at each site; however the hydrogen abstraction 
also leads to chain scission of the PP backbone at this point. Thus, there is a tendency for 
the maleic anhydride units to exist at the end of the broken PP chain; such chains would 
approximate an end functionalized polypropylene, i.e., PP-t-MA. Of course, this is an 
over simplification of the structure of PP-g-MA, and some chains may contain more MA 
units than the single one envisioned by the above scenario; thus, some PP-g-MA may be 
multifunctional. The amine functionalized compatibilizer was prepared from this PP-g-
MA in our laboratory by procedures explained later. 
Sodium montmorillonite and an organoclay (Cloisite 20A) based on dimethyl, 
dihydrogenated tallow quaternary ammonium, M2(HT)2, were provided by Southern Clay 
Products Inc.. These two clays were selected for the following reasons. Wang et al. [14] 
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speculated that the cations of the protonated amine grafted to PP might exchange with the 
sodium ions of Na-MMT which would separate the clay platelets from each other and 
facilitate exfoliation. Recent studies have shown that for each polymer matrix there is an 
optimum structure of the surfactant on the organoclay for achieving exfoliation or 
dispersion [22, 23];  Cloisite 20A has been shown to be a good choice for polyolefins, 
which was the basis for including it in this study. 
All the nanocomposites were prepared using a DSM Mico-5 melt compounder at 
a barrel temperature of 190oC, with all the components added at the same time. All the 
materials were dried in a vacuum oven at 80oC overnight prior to use. Test bars were 
formed using a DSM micro-injection molding machine with the barrel temperature set at 
195oC and the mold temperature at 35oC. The injection molding pressure and holding 
pressure were both set at 40 bar.  
Mechanical property tests were performed on an Instron model 1137 upgraded for 
computerized data acquisition. Because dumb-bell shaped specimens could not be 
prepared by the available molds for the micro-injection molding machine, failure 
properties were not measured. Morphology of the nanocomposites was characterized by 
WAXS and TEM. 
 
PREPARATION OF AMINE FUNCTIONALIZED POLYPROPYLENE (PP-g-NH2 and PP-g-
NH3+)  
Reactive Blending 
The amine functionalized polypropylene was prepared by reactive blending of PP-
g-MA with 1, 12-diaminododecane from Aldrich. Two factors guided the choice of this 
diamine. The reactions of aliphatic amines with anhydrides have been reported[24] to be 
faster than aromatic amines and can lead to higher reaction extents. A diamine with high 
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molecular weight, which tend to have high melting and boiling points, is a requirement 
for the current melt reactive blending technique at high temperatures to prevent diamine 
loss by evaporation. 
Approximately 45 grams of PP-g-MA  was first introduced into the mixing 
chamber of a Brabender mixer at 195oC and 50 rpm. After the PP-g-MA was melted and 
the torque stabilized, 1,12-diaminododecane was added in an amount to give a specified 
molar ratio of amine groups to maleic anhydride groups. After mixing for another 5.5 
minutes, samples were taken from the mixing chamber, solidified and ground to form a 
powder which was purified by soxhlet extraction, using xylene as the solvent, for 24 
hours to remove the excess diamine.  
Some of the purified PP-g-NH2 was further treated with acid to form PP-g-NH3+. 
The protonation was done in a reflux of an HCl solution in toluene at 70oC for 7 hours 
under N2 protection [14] . 
Reaction Scheme 
The reaction between an amine and an anhydride unit, shown in Figure 6.1, first 
leads to an amide and a carboxylic acid or amic acid; this is a very fast reaction and can 
happen even at room temperature. The subsequent cyclization step is comparatively much 
slower and is reversible[24] but can be effectively completed at melt processing 
temperatures. 
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Figure 6.1:  Reaction of 1,12-diaminododecane with maleic anhydride grafted 
polypropylene. 
During the reactive blending, the torque values were recorded. Figure 6.2 
compares the torque evolution for different reactant ratios (x = the mol ratio of amine 
groups to maleic anhydride groups). For pure PP-g-MA, the torque stabilizes after 3-4 
minutes. After adding the diamine, the torque increased immediately and dramatically, 
which means at 195oC the reactions suggested in Figure 6.1 happen very fast. The torque 
increase is due to the increase in molecular weight and possible crosslinking when one 
amine of the diamine reacts with one PP-g-MA molecule while the other amine reacts 
with a different PP-g-MA molecule as suggested in Figure 6.1. If each PP-g-MA 
molecule contained only one maleic anhydride unit, these reactions with the diamine 
should lead only to chain extension. However, to the extent that the PP-g-MA material 
contains molecules with more than one maleic anhydride unit, this reaction can lead to 
crosslinking [24]. An excess of diamine would tend to reduce the possibility of coupling 
two PP-g-MA molecules or crosslinking and would favor of the desired result of only one 
of the amines on the diamine reacting with an anhydride leaving the other amine 
unreacted. The results show that as the value of x increases beyond unity, the maximum 
value of the torque decreases and the time needed to reach the maximum becomes 
shorter. This indicates that excess diamine tends to diminish the extent of chain coupling 
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or crosslinking as would be expected. In this study, x = 4 was chosen for preparation of 
the amine functionalized PP, since the extent of chain coupling or crosslinking is 
minimized.  The progressive decrease of the torque after the maximum in this case might 
be attributed in part to the excess diamine acting as a plasticizer; however, reduced 
molecular weight build up is likely the dominant effect. 
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Figure 6.2:  Brabender torque evolution during reaction of PP-g-MA with diamine. 
FTIR Characterization of PP-g-NH2 
FTIR was used to characterize the product structure, see Figure 6.3 and Table 6.1 
[25, 26]. The disappearance of the anhydride carbonyl stretching absorption at 1780 cm-1 
indicates a considerable extent of reaction. Formation of the imide groups through 
cyclization of the acid and amide can also be identified by the new absorption band at 
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1770 cm-1. Imide units have been reported to have carbonyl absorption at 1770 cm-1 
(asymmetrical stretching) and 1700-1720 cm-1 (symmetrical stretching)[25, 26]. The 
absorption due to symmetrical carbonyl stretching of imide groups superimposed on the 
strong absorption at 1710 cm-1 due to carbonyl stretching of the carboxylic acid. 
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Figure 6.3: FTIR Spectra of PP-g-MA and PP-g-NH2. 
Table 6.1:  Infrared Peak Assignments 
Peak Location (cm-1) Group Assignment 
1550 Secondary amide groups 
1650 Secondary amide groups 
1706 Carboxylic acid carbonyl stretching 
1712 Imide carbonyl symmetrical stretching 
1770 Imide carbonyl asymmetrical stretching 
1780 Anhydride carbonyl stretching 
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RESULTS 
Force Recordings via DSM Microcompounder 
The force measurement capability of the DSM micro-compounder provides 
similar rheological information as the torque measurement does in the Brabender mixer. 
Thus, force evolution versus time traces on the DSM micro-compounder were recorded 
and are shown in Figure 6.4 for virgin PP, PP-g-MA, and PP-g-NH2. The force for PP-g-
NH2 is about three times higher than that for PP-g-MA while PP falls in between. This 
observation is consistent with the equilibrium torque recordings from the Brabender 
during the reaction used to make the amine functionalized PP. This suggests that even at 
the amine to anhydride ratio of 4 used to make the PP-g-NH2, some chain coupling or 
crosslinking still occurs. Note that owing to the purification scheme used, no free diamine 
should be present in these materials during processing in the DSM Micro-compounder. 
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Figure 6.4:  Force versus time relationships during DSM compounding. 
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Mechanical Properties 
The moduli of binary nanocomposites formed from neat polypropylene and the 
various functionalized polypropylenes and sodium montmorillonite or M2(HT)2 
organoclay are compared in Table 6.2. The absolute moduli for the neat polymers and 
their composites containing ~5wt% MMT are listed along with the ratio of the composite 
modulus to that of the matrix which indicates the extent of reinforcement by the 
nanofiller and is a rough indicator of the extent of exfoliation. When using sodium MMT 
as the filler, the improvements in modulus are quite small for each composite; whereas, 
when the organoclay, Cloisite 20A, is the nanofiller, all the composites show greater 
improvements in modulus. However, PP-g-MA nanocomposites show the most 
substantial improvement, while the composites based on unmodified PP have the least 
improvement. The composites based on PP-g-NH3+ and PP-g-NH2 fall in between.   
Table 6.2:  Modulus comparisons for two component nanocomposites 
Matrix 
Polymer 
Filler Modulus of pure 
polymer 
(GPa) 
Modulus of 
nanocomposites 
with 5wt% MMT
(GPa) 
Modulus ratio of 
nanocomposite to 
polymer matrix 
   Std. Dev  Std. Dev  
PP Na-MMT 1.58 0.047 1.57 0.021 0.99 
PP-g-NH2 Na-MMT 1.72 0.028 1.90 0.021 1.10 
PP-g-NH3+ Na-MMT 1.80 0.042 1.74 0.127 0.97 
PP-g-MA Na-MMT 1.49 0.035 1.49 0.042 1.00 
PP Closite 
20A 
1.58 0.047 1.74 0.036 1.10 
PP-g-NH2 Closite 
20A 
1.72 0.028 1.91 0.049 1.11 
PP-g-NH3+ Closite 
20A 
1.80 0.042 2.34 0.078 1.30 
PP-g-MA Closite 
20A 
1.49 0.035 2.14 0.165 1.44 
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Ternary nanocomposites based on PP/functionalized PP/clay were prepared at 
several MMT loadings to obtain a more complete picture of the relative benefit of each 
functionalized PP as a compatibilizer for nanocomposites formed by melt processing. The 
ratio of functionalized PP to clay was set at 1; this ratio has been shown by several 
studies in our laboratory [15-17] to be an optimum level of PP-g-MA for 
compatibilization of PP/organoclay mixtures. Higher ratios lead to very little additional 
benefit. Since PP-g-MA is relatively expensive compared to PP, there is an incentive to 
use no more than necessary to achieve effective dispersion of the organoclay or property 
improvement.  
For the composites using sodium MMT as the filler, Figure 6.5 shows almost no 
modulus improvement at any loading. Apparently, the dispersion of the sodium MMT is 
very poor with almost no exfoliation achieved; slight property improvements could only 
be realized at high filler loadings as in composites with conventional fillers [15].    
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Figure 6.5: Effect of MMT content on the tensile modulus of PP/Na-MMT and 
PP/functionalized PP/Na-MMT (ratio of functionalized PP to clay = 1) 
composites. 
Figure 6.6 shows the effect of montmorillonite content on the modulus for four 
different systems based on the organoclay Cloisite 20A. The addition of organoclay to the 
polymer matrix produces significant increases in the modulus in all cases. Each system 
containing a compatibilizer shows a higher modulus increase than the uncompatibilized 
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system, and this difference becomes larger with increasing MMT loading. Among the 
three compatibilized systems, those based on PP-g-MA show the highest modulus, the 
ones based on PP-g-NH3+ show the second highest modulus improvement, while those 
based on PP-g-NH2 rank third. These results agree with the TEM and WAXS 
observations discussed below.  
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Figure 6.6: Effect of MMT content on the tensile modulus of PP/functionalized 
PP/organoclay (ratio of functionalized PP to organoclay = 1) 
nanocomposites. 
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Wide Angle X-ray Scattering 
The morphology of the composites determined by WAXS and TEM described in 
this and the next section complement the property determinations discussed earlier. 
Figure 6.7 compares the WAXS scans for pure sodium montmorillonite and binary 
composites containing ~5wt% MMT. The scan for the pure Na-MMT reveals an intense 
peak around 2θ  = 7.3o, which indicates the basal spacing of the as received Na-MMT 
(d001 = 1.21 nm). All the composites showed corresponding peaks, but these peaks are 
largely shifted to higher angles (d001 = 0.98 nm). This shifting is probably due to the loss 
of water in clay galleries during the melt processing; dry Na-MMT has a basal spacing of 
0.96 nm [27, 28], which is close to the values shown by the composites formed here. In 
Figure 6.8, similar behavior is seen for ternary composites based on Na-MMT.  
2   (degrees)
0 2 4 6 8 10 12 14
In
te
ns
ity
 (C
PS
)
0
500
1000
1500
2000
2500
Na-MMT
PP-g-MA/Na-MMT
PP-g-NH3+/Na-MMT
PP-g-NH2/Na-MMT
PP/Na-MMT
θ
 
Figure 6.7: X-ray scans for pure Na-MMT and polymer/Na-MMT nanocomposites 
containing ~5wt% MMT. The curves are vertically offset for clarity. 
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Figure 6.8: X-ray scans for pure Na-MMT, PP/Na-MMT, and PP/functionalized PP/Na-
MMT nanocomposites containing ~5wt% MMT. The curves are vertically 
offset for clarity. 
Figure 6.9 compares the WAXS scans for pure Cloisite 20A organoclay and 
binary nanocomposites containing ~5wt% MMT. The scan for the pure organoclay 
reveals an intense peak around 2θ  = 3.6o, which is characteristic of the basal spacing of 
the modified layered silicate; nanocomposites, except for unmodified PP, don’t show a 
distinctive basal reflection which is consistent with of a more well dispersed or exfoliated 
structure. However, there are slight hints of curvature that could be interpreted as an 
extremely broad peak suggesting these three systems could be almost but not completely 
exfoliated; this extremely broad peak is shifted largely to lower angles suggesting some 
intercalation into the organoclay galleries. [7, 29]  
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Figure 6.9: X-ray scans for pure C20A organoclay and polymer/organoclay 
nanocomposites containing ~5wt% MMT. The curves are vertically offset 
for clarity. 
Figure 6.10 shows the WAXS scans of pure organoclay and ternary 
PP/functionalized PP/organoclay nanocomposites with 5wt% MMT. The ratio of 
functionalized PP to organoclay used was set at 1. The nanocomposites show very similar 
distinctive peaks as the pure organoclay indicative of the presence of clay tactoids in 
these composites.[7, 29] These results agree well with the morphologies seen by TEM. 
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Figure 6.10: X-ray scans for pure C20A organoclay, PP/C20A, and PP/functionalized 
PP/organoclay nanocomposites containing ~5wt% MMT. The curves are 
vertically offset for clarity. 
Transmission Electron Microscopy 
Figure 6.11 shows TEM images of nanocomposites formed from the different 
polymer matrices and the organoclay, i.e., PP/organoclay, PP-g-MA/organoclay, PP-g-
NH2/organocaly and PP-g-NH3+/organoclay; the MMT loadings in all cases are ~5wt%. 
The PP/organoclay composite contains many large aggregates of micro-sized particles, 
which means the non-polar polypropylene matrix does not exfoliate the organoclay. The 
PP-g-MA/organoclay nanocomposite shows much better exfoliation of the organoclay; 
most of the particles are individual platelets. The nanocomposites formed from PP-g-NH2 
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and PP-g-NH3+ also have very small particles indicating good, but not complete, 
exfoliation of the organoclay. 
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PP-g-NH2/organoclay                  PP-g-NH3+/organoclay 
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Figure 6.11: TEM micrographs for PP and functionalized PP/ organoclay 
nanocomposites containing ~5wt% MMT. Images were taken from the core 
of injection molded specimens and viewed perpendicular to the flow 
direction within the molded bars. 
Figure 6.12 shows the morphology of the nanocomposites formed from ternary 
nanocomposites based on PP, organoclay, and the functionalized PPs, acting as the 
compatibilizer at MMT loadings of  ~5wt%. The ratio of functionalized PP to 
organoclay was set at 1. Comparing these images for the three compatibilized 
nanocomposites, it is apparent that the one based on PP-g-MA gives the best exfoliation 
of the organoclay, while the other two nanocomposites based on amine functionalized PP 
do not show as good exfoliation. Protonation seems to improve the exfoliation; the 
nanocomposite based on PP-g-NH3+ has somewhat better organoclay exfoliation than the 
one based on PP-g-NH2, which is consistent with the modulus results. 
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PP/PP-g-NH2/organoclay             PP/PP-g-NH3+/organoclay 
Figure 6.12: TEM micrographs of PP/organoclay and PP/functionalized PP/organoclay 
nanocomposites containing ~5wt% MMTand a functionalized 
PP/organoclay ratio of 1. Images were taken from the core of injection 
molded specimens and viewed perpendicular to the flow direction within the 
molded bars. 
DISCUSSION 
Maleic anhydride grafted polypropylenes, PP-g-MA, typically have one anhydride 
unit located at the chain end owing to the chain scission that accompanies grafting. A 
simple scheme was used here to form amine terminated polypropylene analogous to 
similar materials, PP-t-NH2 and PP-t-NH3+, described previously using a different 
approach [14]. Wang et al. [14] claimed that a molten mixture of PP-t-NH3+ with Na-
MMT held in a static condition for 2 hours led to a high level of exfoliation perhaps due 
to an ion exchange mechanism. The purpose of the current work is to determine if this 
concept can be implemented in a practical melt processing scheme to make high 
performance polypropylene-based nanocomposites. 
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Thus, preparation of nanocomposites from both Na-MMT and an organoclay, 
Closite 20A, using our amine functionalized polypropylenes, PP-g-NH2 and PP-g-NH3+, 
as the matrix and as a compatibilizer with polypropylene was explored using a melt 
compounding approach. Very little exfoliation was achieved with Na-MMT while better 
exfoliation was observed with the organoclay. PP-g-NH3+ led to better exfoliation than 
PP-g-NH2; however, neither amine functionalized polypropylene is superior to PP-g-MA 
as a matrix or as a compatibilizer for formation of polypropylene-based nanocomposites. 
Clearly, kinetic factors may explain the differences between the observations 
reported here versus the claims by Wang et al. [14]. In their static melt process, the 
polymer and clay mixture was heated at 190oC for 2 hours, while under the current melt 
processing conditions, the mixture only stays in the DSM microcompounder for 10 
minutes, which is a longer time than typical for conventional melt processing but may not 
be enough time for the proposed ion exchange to happen. Another possible factor may be 
that the molecular structures and molecular weights of the PP-g-NH2 and PP-g-NH3+ 
formed via the diamine/anhydride reaction scheme used here are different from that 
synthesized by Wang et al.. Detailed structural information would need to be developed 
to assess their possibility.  
CONCLUSIONS 
Wang et al. [14] described a method to synthesize amine functionalized 
polypropylene by a polymerization route and suggested that these materials lead to 
exfoliated nanocomposites via a long time static melt intercalation step. We report here 
an alternate scheme to produce amine functionalized polypropylene using reactive melt 
blending. The latter amine functionalized polypropylenes were melt mixed with sodium 
montmorillonite and an organoclay to see if this provides an industrially viable approach 
to forming well exfoliated nanocomposites. Mechanical properties and transmission 
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electron microscopy results show that the amine functionalized polypropylenes and the 
melt mixing methods described here do not provide a practical route for forming highly 
exfoliated polypropylene nanocomposites. It appears that the polar –NH2 group or the 
ionic –NH3+group apparently do not provide a better interaction for exfoliation of the 
organoclay than does the anhydride units of the starting PP-g-MA material. 
 
REFERENCES 
1. Wang Y, Chen FB, Wu KC, and Wang JC. Polymer Engineering and Science 
2006;46(3):289-302. 
2. Modesti M, Lorenzetti A, Bon D, and Besco S. Polymer 2005;46(23):10237-
10245. 
3. Shah RK and Paul DR. PMSE Preprints 2004;91:982-983. 
4. Fornes TD, Hunter DL, and Paul DR. Macromolecules 2004;37(5):1793-1798. 
5. Shah RK and Paul DR. Polymer 2004;45(9):2991-3000. 
6. Ellis TS and D'Angelo JS. Journal of Applied Polymer Science 2003;90(6):1639-
1647. 
7. Shah RK and Paul DR. Polymer 2006;47(11):4075-4084. 
8. Varela C, Rosales C, Perera R, Matos M, Poirier T, Blunda J, and Rojas H. 
Polymer Composites 2006;27(4):451-460. 
9. Lopez-Quintanilla ML, Sanchez-Valdes S, Ramos de Valle LF, and Guedea 
Miranda R. Polymer Bulletin (Heidelberg, Germany) 2006;57(3):385-393. 
10. Galgali G, Ramesh C, and Lele A. Macromolecules 2001;34(4):852-858. 
11. Maiti P, Nam PH, Okamoto M, Hasegawa N, and Usuki A. Macromolecules 
2002;35(6):2042-2049. 
12. Reichert P, Nitz H, Klinke S, Brandsch R, Thomann R, and Mulhaupt R. 
Macromolecular Materials and Engineering 2000;275(1):8-17. 
13. Chavarria F and Paul DR. Polymer 2004;45(25):8501-8515. 
 139
14. Wang ZM, Nakajima H, Manias E, and Chung TC. Macromolecules 
2003;36(24):8919-8922. 
15. Lee H-s, Fasulo PD, Rodgers WR, and Paul DR. Polymer 2005;46(25):11673-
11689. 
16. Lee H-s, Fasulo PD, Rodgers WR, and Paul DR. Polymer 2006;47(10):3528-
3539. 
17. Kim DH, Fasulo PD, Rodgers WR, and Paul DR. Structure and properties of 
TPO-based nanocomposites. Annual Technical Conference - Society of Plastics 
Engineers, vol. 64th, 2006. pp. 592-596. 
18. Wang Y, Chen F-B, and Wu K-C. Journal of Applied Polymer Science 
2004;93(1):100-112. 
19. Wang Y, Chen F-B, Li Y-C, and Wu K-C. Composites, Part B: Engineering 
2004;35B(2):111-124. 
20. De Roover B, Sclavons M, Carlier V, Devaux J, Legras R, and Momtaz A. 
Journal of Polymer Science, Part A: Polymer Chemistry 1995;33(5):829-842. 
21. Shi D, Yang J, Yao Z, Wang Y, Huang H, Jing W, Yin J, and Costa G. Polymer 
2001;42(13):5549-5557. 
22. Shah RK, Krishnaswamy RK, and Paul DR. Blown films from LDPE-organoclay 
and ionomer-organoclay nanocomposites. Annual Technical Conference - Society 
of Plastics Engineers, vol. 64th, 2006. pp. 597-601. 
23. Paul DR. Abstracts of Papers, 229th ACS National Meeting, San Diego, CA, 
United States, March 13-17, 2005 2005:POLY-205. 
24. Colbeaux A, Fenouillot F, Gerard J-F, Taha M, and Wautier H. Polymer 
International 2005;54(4):692-697. 
25. Scott C and Macosko C. Journal of Polymer Science, Part B: Polymer Physics 
1994;32(2):205-213. 
26. Song Z and Baker WE. Journal of Polymer Science, Part A: Polymer Chemistry 
1992;30(8):1589-1600. 
27. Olphen Hv. An Introduction to Clay Colloid Chemistry. New York: Wiley, 1966. 
28. Paul DR, Zeng QH, Yu AB, and Lu GQ. Journal of Colloid and Interface Science 
2005;292(2):462-468. 
 140
29. Hotta S and Paul DR. Polymer 2004;45(22):7639-7654. 
 
 141
Chapter 7:  Morphology and properties of nanocomposites formed 
from ethylene-vinyl acetate copolymers and organoclays  
Ammonium surfactants are usually used to modify montmorillonite clay to gain 
better affinity between the hydrophilic aluminosilicate clay and the organophilic polymer 
matrix; polymers with different levels or types of polarity may require different surfactant 
structures to achieve the best exfoliated structure. Previous studies in our laboratory 
showed that nylon 6-based nanocomposites have the best exfoliation when the 
organoclay is formed from a surfactant with only one long alkyl tail [1, 2]; on the other 
hand, polyolefin matrices give better exfoliation with organoclays modified by a 
surfactant with two or more long alkyl tails[3-6].  
Ethylene-vinyl acetate (EVA) copolymers are a class of widely used polymers, 
with a variety of industrial applications such as cable and wire, flexible packaging, hose 
and tube, photovoltaic encapsulants and footwear. They contain polar vinyl acetate and 
non-polar ethylene units in the polymer chain. By varying the vinyl acetate content, EVA 
copolymers can be tailored for applications as rubbers, thermoplastic elastomers and 
plastics. Recently there has been interest in improving the flammability characteristics of 
EVA copolymers, for their application in wire and cable jackets and insulation, by 
melting blending with organoclays [7-11].  
This chapter explores the relationship between the polarity of the polymer matrix 
and the organoclay structure on the extent of exfoliation and properties of the resulting 
nanocomposites. Our rationale for choosing ethylene-vinyl acetate copolymers as the 
matrix is as follows. By adjusting the VA concentration in the EVA copolymer, the 
polymer-organoclay interactions can be varied. In so doing, the optimum surfactant 
structure may switch from the type that works best for polyolefins (two or more tails) to 
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what works best for very polar polymers like nylon 6 (one tail) as the VA content is 
increased.  
 
EXPERIMENTAL 
Materials 
A series of commercially available ethylene-vinyl acetate copolymers supplied by 
DuPont and a comparable grade of LDPE from Novapol were used in this work. These 
polymers have a similar melt index of 2-3 g/10 min, with vinyl acetate contents ranging 
from 0 to 40 wt%. 
Organoclays, generously donated by Southern Clay Products, Inc., were formed 
by cation exchange between sodium montmorillonite (CEC = 92 meq/100g clay) and 
various quaternary ammonium salts. These organoclays were selected to explore the 
effects of the ammonium surfactant structure on the dispersion of the clay particles in 
different EVA copolymer matrices. M2(HT)2 and M3(HT)1 organoclays allow a 
comparison of the effect of the number of long alkyl tails, while the M3(HT)1 and 
(HE)2M1T1 organoclays allow a comparison of the effect of having hydroxyl functional 
groups versus not having any.  
Processing and Characterization 
EVA nanocomposites were prepared by melt compounding in a Haake, co-
rotating, intermeshing twin screw extruder (D = 30 mm, L/D = 10) at a screw speed of 
280 rpm with a feed rate of 1000 g/h, using a barrel temperature of 170oC. EVA materials 
were dried in a vacuum oven for a minimum of 24 h prior to the compounding, while the 
organoclays were used as received. 
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For nanocomposites formed from LDPE, EVA-9.3, EVA-18 and EVA-28, tensile 
(ASTM D638) and Izod specimens (ASTM D256) were formed using an Arburg 
Allrounder 305-210-700 injection molding machine. Due to the difficulty of injection 
molding EVA-40, a DSM Micro 5 melt compounder was used to melt the 
nanocomposites formed with the twin screw extruder, and then a DSM micro-injection 
molding machine was used to make small rectangular bars (0.32×1.00×7.10 cm). Both 
injection molding operations were conducted at a barrel temperature of 180oC and a mold 
temperature of 25oC, with injection pressure and holding pressure both set at 40 bar. 
After molding, the specimens were immediately sealed in a polyethylene bag and placed 
in a vacuum desiccator for a minimum of 24 hours prior to mechanical testing. For EVA-
40 based nanocomposites, mechanical testing was not performed; however, the 
morphology was examined by TEM and WAXS.  
 
RESULTS AND DISCUSSION 
Morphology 
Transmission electron microscopy 
Properly prepared TEM images provide the most direct visualization of the 
dispersion of the clay particles in nanocomposites. Figure 7.1 compares the morphology 
of nanocomposites based on polymer matrices containing from 0 to 40% VA formed 
from M2(HT)2, M3(HT)1, and  (HE)2M1T1 organoclays. The montmorillonite content in 
all cases is nominally 5 wt%.  
When there are no polar groups in the polymer matrix, i.e., LDPE, the dispersion 
of the clay is poor and large tactoids can be seen in composites formed from all three 
kinds of organoclays, see Figure 7.1 (a). For the LDPE composites based on one-tailed 
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organoclays, M3(HT)1 and (HE)2M1T1, clay particles as large as 1 micron can be seen. 
For the LDPE/M2(HT)2 organoclay composites, the dispersion of clay particles is much 
better than that formed from the other two organoclays, and a mixture of small particles 
and larger agglomerates can be observed. These results are consistent with prior reports 
from this laboratory[6, 12, 13], i.e., non-polar polymers like polypropylene and 
polyethylene give nanocomposites with much better dispersion in the case of multiple 
tailed organoclays. Polyolefins are relatively compatible with alkyl tails and increasing 
the number of tails better shields the polar silicate surface from the polymer matrix as 
explained previously[6, 12, 13].  
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(a) LDPE 
 
           
(b) EVA-9.3 
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(c) EVA-18 
 
           
(d) EVA-28 
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(e) EVA-40 
Figure 7.1: TEM micrographs of nanocomposites containing ~ 5 wt% MMT based on different organoclays and prepared 
from various EVA copolymers, a) LDPE, b) EVA-9.3, c) EVA-18, d) EVA-28 and e) EVA-40. 
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The presence of only 9.3 wt% VA units in the polymer matrix (see Figure 7.1 (b)) 
leads to significant improvement in exfoliation of the organoclay, particularly for 
M2(HT)2 or (HE)2M1T1, compared to the corresponding LDPE-based composites. 
Although clay tactoids are still observed, the particle size is reduced dramatically. The 
composite formed from the M3(HT)1 organoclay still produces the lowest number of 
particles with the largest size, and the dispersion of the clay particles changed only 
slightly compared to the LDPE-based composites. Clearly, the nanocomposite based on 
the M2(HT)2 organoclay still has the best exfoliation; thus, while addition of this level of 
VA has improved the polymer-organoclay interaction, this EVA still behaves more like a 
polyolefin than a polyamide with regard to the optimum number of tails for exfoliation. 
The potential for interactions between the hydroxyl groups of the surfactant and the 
acetate groups of the polymer adds a new consideration for nanocomposites formed from 
the (HE)2M1T1 organoclay compared to that formed from the M3(HT)1 organoclay; note 
that it has also been argued that these hydroxyl groups in the (HE)2M1T1 surfactant may 
be attracted to the clay surface[1, 5, 14, 15] thereby shielding the polymer-silicate 
interactions. 
TEM images of nanocomposites based on EVA-18 and EVA-28 are shown in 
Figure 7.1 (c) and Figure 7.1 (d). This further increase in VA content of the polymer 
matrix leads to continued improvement in exfoliation of the nanocomposites formed from 
each organoclay; again, the best exfoliation is seen in nanocomposites formed from the 
M2(HT)2 organoclay , with the (HE)2M1T1 organoclay being next best, and the poorest 
exfoliation is seen for the nanocomposites formed from the M3(HT)1 organoclay.  
Figure 7.1 (e) shows images for nanocomposites based on EVA-40; here, all the 
nanocomposites have a well-exfoliated morphology consisting predominantly of 
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individual platelets dispersed uniformly throughout the polymer matrix. The 
nanocomposite formed from M3(HT)1 also exhibits highly exfoliated structures; however, 
upon close examination, the platelet delamination is slightly less complete than seen for 
the other two organoclays. In going from 28 to 40% VA in the matrix, nanocomposites 
based on M3(HT)1 organoclay show the most significant improvement in organoclay 
exfoliation. 
From the above, it is clear that adding the polar vinyl acetate groups to the 
polymer matrix improves the level of exfoliation achieved evidently due to an improved 
interaction between the organoclay and the polymer. Within the range of VA contents 
examined, nanocomposites formed from the M2(HT)2 organoclay  have the best 
exfoliation compared with the other two organoclays; however, the differences in 
exfoliation among the different organoclays become smaller as the VA content of the 
polymer matrix is increased.  
Particle analysis 
To have a quantitative assessment of the relationship between the level of 
organoclay exfoliation and nanocomposite properties, detailed particle analyses were 
conducted on the TEM images using the method described earlier. For the best statistical 
reliability, a large number of particles (>300) should be analyzed for each 
nanocomposite. But this criterion could not be completely fulfilled in cases of poor 
exfoliation like LDPE/M3(HT)1 nanocomposites, where each image contains only one or 
two large agglomerates. The statistical results of particle analysis on nanocomposites 
containing 5 wt% MMT are listed in Table 7.1. The average particle lengths for all these 
nanocomposites are larger than observed for nylon 6 nanocomposites, where nearly all 
the particles are individual platelets, i.e., essentially ideal exfoliation. We believe the 
primary reason for the larger particles seen here is due to “skewing” of the platelets in 
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these thicker clay bundles, as described by Chavarria and Paul[16]; however, some 
attrition of platelets during compounding may be possible. We also note that the aspect 
ratios calculated by averaging the values for each particle, ntl >< / and wtl >< / , are 
always larger than those calculated from the ratio of the corresponding average particle 
length and average particle thickness, i.e., nn tl / and ww tl / . The ratio of number 
average particle length and thickness ( nn tl /  ) is generally larger than the ratio of the 
weight average particle length and thickness ( ww tl / ); however, the weight average 
aspect ratio calculated from values for individual particles, wtl >< / , is always larger than 
the corresponding number average ratio ntl >< /  as expected.  
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Table 7.1: Results of particle analysis of nanocomposites containing 5 wt% MMT   
Organoclay Vinyl 
acetate 
wt% 
Total 
number 
of 
particles 
Number 
average 
particle 
length 
( nl ,nm) 
Number 
average 
particle 
thickness 
( nt , nm) 
Weight 
average 
particle 
length 
( wl  ,nm)
Weight 
average 
particle 
thickness 
( wt  ,nm) 
Number 
average 
aspect 
raio 
ntl >< /  
nn tl /  Weight 
average 
aspect 
ratio 
wtl >< /  
ww tl /  
M2(HT)2 0 389 260 25.7 389 67.1 16.8 10.1 33.1 5.8 
 9.3 265 243 13.1 301 20.8 26.5 18.5 37.7 14.5 
 18 563 127 6.0 171 10.9 31.5 21.1 43.4 15.7 
 28 611 130 5.9 182 12.6 39.0 21.9 69.1 14.5 
 40 731 103 3.4 143 6.8 58.0 30.2 100.4 21.0 
           
M3(HT)1 0 39 853 128.3 1419 258.9 9.1 6.6 15.1 5.5 
 9.3 28 427 53. 3 691 82.6 10.1 8.0 12.3 8.4 
 18 167 402 57.5 574 101.0 9.4 7.0 14.1 5.7 
 28 224 159 11.7 244 23.6 20.4 13.6 45.5 10.3 
 40 605 117 4.4 164 7.7 49.9 26.8 101.5 21.2 
           
(HE)2M1T1 0 20 922 178.0 1112 265.2 7.5 5.2 10.2 4.2 
 9.3 477 171 13.3 220 20.4 16.2 12.9 24.8 10.8 
 18 495 216 13.1 299 28.3 20.6 16.5 28.6 10.6 
 28 723 124 6.9 185 13.4 24.0 18.0 43.3 13.8 
 40 791 107 3.4 148 6.5 56.6 31.2 105.6 22.9 
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Figure 7.2 shows a series of representative histograms of particle length, thickness 
and aspect ratio for EVA-28 based nanocomposites containing ~5wt% MMT. All of the 
features, i.e. particle length, thickness and aspect ratio, showed broad distributions based 
on the analysis of a total of 611 particles. 
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Figure 7.2: Histograms of a) particle length, b) particle thickness, and c) aspect ratio for 
EVA-28/M2(HT)2 nanocomposites with  nominally 5 wt% MMT (total 
number of particles = 611). 
To get a better idea of the relationship between the polarity of the polymer matrix, 
as defined by VA content, and the interaction with the organoclay,  number average 
particle lengths and thicknesses of nanocomposites containing ~5 wt% MMT are 
presented in Figure 7.3 (a) and (b) as a function of vinyl acetate content in the matrix 
polymer. Similar plots for two types of average particle aspect ratios are shown in Figure 
7.3 (c) and (d). As it turns out, the values of ntl >< /  are significantly higher than the 
corresponding values of ( nn tl / ) in all cases. For each series of nanocomposites prepared 
from a given organoclay, both the average particle length and thickness decreases with 
increased VA content, but the aspect ratio using either method of averaging increases 
with VA content. The nanocomposites formed from the M2(HT)2 organoclay usually have 
the smallest particle length and thickness but the highest aspect ratio, but the differences 
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in size and aspect ratio among nanocomposites  formed from the various organoclays 
becomes smaller as the VA content increases and are almost unnoticeable at 40% VA.  
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Figure 7.3: The effect of vinyl acetate content on a) particle length b) particle thickness 
c) number average aspect ratio and d) ratio of number average particle 
length and number average particle thickness of EVA nanocomposites at a 
fixed MMT content of ~ 5 wt%. 
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WAXS 
Wide angle X-ray scattering is another commonly used method to characterize the 
clay exfoliation in nanocomposites. WAXS scans of nanocomposites containing ~5 wt% 
MMT prepared from various polymer matrices and organoclays are presented in Figure 
7.4; scans for the neat organocalys are also included for comparison. All the 
nanocomposites, regardless of VA content or organoclay, show a distinct peak indicative 
of the presence of unexfoliated tactoids at positions shifted with respect to the peak of the 
pristine organoclay.  
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Figure 7.4: WAXS scans for (a) M2(HT)2, (b) M3(HT)1, and (c) (HE)2M1T1 pristine 
organoclays and nanocomposites containing ~ 5 wt% MMT formed from 
EVA copolymers with various VA contents. The curves are vertically offset 
for clarity. 
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The scans for nanocomposites formed from the M2(HT)2 organoclay are shown in 
Figure 7.4 (a). For composites based on LDPE, the 001d  peak remains at about the same 
position as that for the neat organoclay. For EVA based nanocomposites, the 001d  peak 
shifts to the left more progressively the higher the VA level, and the peak intensity 
decreases with increasing VA content. This can be explained by the hypothesis that 
intercalation is a precursor to exfoliation [6, 17]. According to prevalent proposals in the 
literature, shifting of the 001d  peak to the left, i.e., lower angles, indicates an expanded 
d - spacing caused by intercalation of polymer or low-molecular weight oligomers in the 
gallery of the clay platelets and suggests a more intercalated/exfoliated structure.  
For nanocomposites prepared from the M3(HT)1 and (HE)2M1T1 organoclays, see 
Figure 7.4 (b) and (c), the WAXS results show a more complex and somewhat confusing 
picture. The 001d  peak is progressively shifted to the right as the VA content of the 
polymer matrix increases, which is just the opposite of what might be expected based on 
the notion of intercalation being a precursor of exfoliation since TEM shows that 
exfoliation increases with VA content[6, 17]. Similar peak shifts to lower d -spacings 
have been reported for LLDPE[6], LDPE[17], polystyrene[18], and poly(ethylene-co-
methacrylic acid) ionomer[5] based nanocomposites especially when formed from one 
tailed organoclays. Shah et al. attributed this to the degradation of the surfactant, which 
causes the clay galleries to collapse as surfactant mass is lost from within the galleries 
[5]. The fact that shifts to lower d -spacing are significant only for the one-tailed 
organoclays is consistent with degradation of the organic modifier during processing 
since they have been shown to be less thermally stable than the organoclays with multiple 
tails [6]. However, in the present case, the EVA nanocomposites were processed at 170oC 
which is a relatively low temperature where surfactant degradation is not expected to be 
severe. Furthermore, the continuous shift to lower d -spacing with increasing VA 
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content is also difficult to explain unless, of course, there is some chemical process by 
which the presence of VA units contribute to surfactant degradation. Clearly, a more 
detailed study will be needed to understand these observations. 
Mechanical Properties 
The extent to which addition of organoclay to a polymer matrix alters mechanical 
properties provides another way to judge the extent of organoclay exfoliation in the 
polymer matrix. 
Stress-Strain Behavior 
Figure 7.5 shows representative stress-strain curves for the nanocomposites 
prepared from the M2(HT)2 organoclay and EVA matrices with various VA contents. The 
stress-strain diagrams reveal no distinct yield point for either the neat polymer or the 
nanocomposites. As expected, the stress at any given strain level is increased as the 
content of MMT increases. As the VA content of the neat EVA materials increases, 
crystallinity decreases, causing the modulus to decrease and the elongation at break to 
increase; indeed, the elongation at break increases from below 100% for LDPE to more 
than 400%, the upper limit of crosshead travel of the instrument used here, for some 
materials with high VA content. 
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Figure 7.5: Stress-strain diagrams for nanocomposites based on the M2(HT)2 organoclay 
and various EVA copolymers, (a) LDPE, (b) EVA-18, and (c) EVA-28. The 
crosshead speed was fixed at 5.1 cm/min. 
Figure 7.6 shows that the stress at 40% strain is highest in samples made from 
M2(HT)2 organoclay, while the M3(HT)1 and (HE)2M1T1 organoclays show lower stresses 
for each series of nanocomposites based on the same matrix. As the MMT content 
increases, the stress at 40% strain increases significantly except for the nanocomposites 
formed from M2(HT)2 or (HE)2M1T1 organoclay and LDPE or EVA-9.3, where the 
organoclay is poorly dispersed.  
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Figure 7.6: Stress at a strain of 40 % for nanocomposites formed from various EVA 
copolymers and organoclays. 
The effect of orgnoclay structure and VA content of the matrix polymer on 
elongation at break could not be fully evaluated since some samples (nanocomposites 
based on EVA-28) did not break before the Instron machine limit of 400% elongation. 
Figure 7.7 compares the elongation at break for nanocomposites made from the three 
organoclays and LDPE, EVA-9.3, or EVA-18. Generally, as the clay content is increased, 
ductility decreases for nanocomposites based on LDPE and EVA-9.3. For EVA-18 based 
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nanocomposites the trends are not so simple as may be seen in Figure 7.7 (c). For 
nanocomposites formed from the M2(HT)2 organoclay, the elongation at break first 
increases with MMT loading, reaches a maximum at 3 wt% MMT and then decreases as 
more MMT is added. For nanocomposites formed from the (HE)2M1T1 organoclay, 
elongation at break is relatively unaffected by the MMT content, while all the 
nanocomposites formed from the M3(HT)1 organoclay have slightly higher elongations at 
break than the neat polymer. 
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Figure 7.7: Elongation at break for nanocomposites formed from various orgnaoclays 
and EVA copolymers, (a) LDPE, (b) EVA-9.3, and (c) EVA-18. 
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Modulus 
Figure 7.8 compares the tensile moduli of the nanocomposites formed from 
different organoclays, based on the same matrix, as a function of their montmorillonite 
content. As expected, the stiffness improves with addition of organoclay; however, the 
increase is always much stronger for the organoclay with two alkyl tails M2(HT)2, than for 
the others with one alkyl tail, i.e., M3(HT)1 and (HE)2M1T1. This supports the TEM 
observations that the nanocomposites formed from the M2(HT)2 organoclay have better 
exfoliation than those formed from the other organoclays. 
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(d) EVA-28
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Figure 7.8: Modulus as a function of montmorillonite content of nanocomposites 
formed from various organoclays and EVA copolymers, (a) LDPE, (b) 
EVA-9.3, (c) EVA-18, and (d) EVA-28. 
Since the moduli of the neat EVA polymers vary a great deal with VA content 
owing to changes in crystallinity, it is useful to examine the relative moduli of the 
nanocomposites versus the montemorillonite content as shown in Figure 7.9. For 
nanocomposites formed from the M3(HT)1 organoclay, the relative modulus at a given 
MMT content increases continuously as the VA content of the matrix polymer is 
increased, suggesting better exfoliation with an increased amount of the polar component 
in the matrix, as shown by TEM. In contrast, for nanocomposites formed from M2(HT)2 
and (HE)2M1T1, the relative modulus at a given MMT content increases at the VA 
content increases up to about 18% VA, but a further increase to 28% VA leads to a 
slightly lower relative modulus. In this regard, the moduli data are not in complete accord 
with the TEM particle analysis, which revealed improvements in exfoliation with 
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increased VA content over the entire range (0-40% VA) examined. Inconsistencies 
between relative moduli and TEM morphologies have been suggested in previous work 
from this laboratory[6, 19]. Further work will explore the sources of such inconsistencies. 
One possible explanation may be that the matrix properties is altered, e.g., by changes in 
crystallinity, by the presence of the nanoscale clay particles.  
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Figure 7.9: Relative modulus as a function of montmorillonite content of 
nanocomposites formed from various EVA copolymers and  organoclays, 
(a) M2(HT)2, (b) M3(HT)1, and (c) (HE)2M1T1. 
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Composite Model Predictions of Modulus 
Theoretical modeling is an appealing approach for the design of polymer 
nanocomposite systems, and numerous models[20-23] have been proposed to predict the 
properties of nanocomposites or for correlation of experimental data. However, there are 
numerous assumptions implicit within the use of such models that must be kept in mind. 
For example, it is assumed that the polymer matrix is not affected by the presence of the 
filler, the filler is perfectly aligned, the matrix and the filler are isotropic, and there are no 
particle- particle interactions or agglomerations[24].  
The Halpin-Tsai and Mori-Tanaka models are widely used to predict the tensile 
modulus of composites. The Halpin-Tsai equations treat the fillers as rectangular platelets 
of constant thickness; whereas, the Mori-Tanaka theory considers them as ellipsoidal 
particles and takes account of the Poisson ratios of the filler and the matrix. Previous 
work in this laboratory and others [16, 19, 24, 25] have shown that both theories predict 
similar trends for the tensile modulus, but the Mori-Tanaka theory tends to give lower 
estimates of modulus than the Halpin-Tsai equations[16, 25, 26] at low filler loadings. A 
more detailed discussion on the similarities and differences between these two models 
has been given by Fornes et al.[24].  
For simplicity, the Halpin-Tsai equations were employed in this work to relate the 
longitudinal tensile modulus of nanocomposites prepared in this study to the 
nanocomposite morphology determined by TEM. The predicted modulus depends on the 
volume fraction of the filler fφ , the filler/matrix modulus ratio mp EE / , the filler aspect 
ratio tl / [27, 28], and filler orientation. The expression for the longitudinal modulus[19, 
24, 25] is 
ηφ
ηφ
f
f
m
TH tl
E
E
−
+=
−
1
)/(21)(
                                                  (1) 
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where η  is given by  
)/(2)/(
1)/(
tlEE
EE
mp
mp
+
−=η                                                     (2) 
In these model calculations, the partially exfoliated clay particles were treated as 
parallel arrangements of MMT platelets and gallery material as described in previous 
reports[19, 24, 25, 29]. The tensile modulus of such an effective particle can be estimated 
by using the following rule of mixtures  
gallerygalleryMMTMMTp EEE ×+×= νν                                          (3) 
where MMTν and galleryν are the volume fraction of montmorillonite and the gallery space 
in the effective particle, while MMTE  and galleryE  are their corresponding moduli. The 
volume fraction of MMT platelets, MMTν , is calculated as the ratio of the thickness of an 
individual platelet and the d -spacing of the nanocomposite as determined by the WAXS 
analysis,  
001d
t platelet
MMT =ν                                                          (4) 
Considering that the modulus of the organic material in the gallery is significantly 
smaller than the modulus of the MMT platelets, equation (3) reduces to 
MMTMMTp EE ×=ν                                                       (5) 
A WAXS scan of EVA-9.3 /M2(HT)2 nanocomposite containing ~5 wt% MMT 
shows a d-spacing of 3.33 nm, so MMTν  is estimated to be nm
nm
d
t platelet
MMT 33.3
94.0
001
==ν  = 
0.282, where 0.94 nm is the thickness of an individual MMT platelet. Taking 178 GPa as 
the modulus of montmorillonite platelets and MMTν  = 0.282 in the equation (5), we 
estimate the modulus of the effective modulus of an incompletely exfoliated MMT 
particle as =×= MMTMMTp EE ν 178 GPa×0.282 = 50.2 GPa. The other parameters 
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Table 7.2: Parameters used in the Halpin-Tsai Modela 
Polymer 
matrix 
Organoclay d -spacing 
( 001d ,nm) 
Vol. 
fraction of 
MMT in 
particle 
( MMTν ) 
Modulus of 
particle 
( pE , GPa) 
Modulus of 
the polymer 
matrix 
( mE , MPa) 
Weight fraction 
of MMT in 
nanocomposites 
(%) 
Vol. fraction of 
the filler in 
nanocomposites
( fφ ) 
LDPE M2(HT)2 2.51 0.375 66.7 142.2 4.92 0.0427 
EVA-9.3  3.33 0.282 50.2 86.9 5.09 0.0589 
EVA-18  3.81 0.247 43.9 35.1 5.17 0.0688 
EVA-28  3.85 0.244 43.5 17.6 5.25 0.0702 
        
LDPE M3(HT)1 1.75 0.537 95.6 142.2 4.79 0.0295 
EVA-9.3  1.62 0.580 103.3 86.9 5.05 0.0289 
EVA-18  1.48 0.635 113.0 35.1 5.17 0.0272 
EVA-28  1.46 0.644 114.6 17.6 5.26 0.0284 
        
LDPE (HE)2M1T1 1.51 0.623 110.8 142.2 4.51 0.0240 
EVA-9.3  1.46 0.644 114.6 86.9 4.98 0.0262 
EVA-18  1.44 0.653 116.2 35.1 5.06 0.0266 
EVA-28  1.46 0.644 114.6 17.6 4.92 0.0262 
a  Nanocomposites contain nominally 5 wt% MMT, and all the nanocomposites here were modeled as partially exfoliated 
composites. 
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involved in the model calculations for nanocomposites containing ~5 wt% MMT are 
listed in Table 7.2. 
Figures 7.10 (a) and (b) compare the experimental tensile moduli of 
nanocomposites with that predicted by the Halpin-Tsai equations. The modulus of the 
nanocomposites containing ~5 wt% MMT generally decreases as VA content increases 
owing to the large decrease in mE , but the relative modulus goes up due to the increase 
of the aspect ratio. In Figures 7.10 (c) and (b), the experimental relative tensile modulus 
of the nanocomposites and predictions by Halpin-Tsai equations are compared. Number 
average aspect ratios from the particle analysis described earlier defined as, ntl >< /  
and nn tl / , were both used to make the model predictions. The model predictions show a 
reasonable parallel with the experimental data regardless of which average aspect ratio is 
used; however, the agreement between model and experiment is somewhat better when 
the  nn tl /  measure of aspect ratio is used. 
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Figure 7.10: Comparison of experimental tensile modulus and relative modulus of 
nanocomposites with predictions by the Halpin-Tsai Model. 
CONCLUSIONS 
Nanocomposites based on a series of EVA copolymers containing 0 to 40% VA 
and three organoclays, M2(HT)2, M3(HT)1 and (HE)2M1T1 were made to explore how the 
affinity between the organoclay and EVA copolymers changes with VA content. The 
degree of exfoliation of the nanocomposites was evaluated by TEM, WAXS, and 
mechanical testing. Broadly speaking, the results from the different techniques are 
consistent with each other.  
As reported previously, the organoclay based on the surfactant with two alkyl 
tails, M2(HT)2, gives the best exfoliation in low density polyethylene, LDPE. For the 
organoclay based on surfactant with a single alkyl tail, M3(HT)1, leads to slightly better 
exfoliation than the one containing hydroxy ethyl groups, (HE)2M1T1. As the vinyl 
acetate content of the EVA copolymers is increased, the degree of exfoliation for all these 
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organoclays is dramatically increased. Up to 40 wt% VA, the organoclay with two alkyl 
tails always gives better exfoliation than either organolcay with a single tail. However, 
the relative advantage of the two tails versus one tail seems to diminish with increased 
VA level, but the advantage is never reversed indicating that even at 40 wt% VA, EVA 
copolymers interact with the organoclay more similar to polyolefins than polyamides 
which give better exfoliation with organoclays based on surfactants with a single tail. As 
the VA content increases, the relative advantage of M3(HT)1 versus (HE)2M1T1 seems to 
reverse but the effect is not large. The hydroxyl groups on the (HE)2M1T1 organoclay 
may interact with the EVA polar groups or the silicate surface, and this competition may 
account for some of this behavior. 
The morphology of the nanocomposites formed from these organoclays and the 
various EVA copolymer matrices were quantified by analysis of TEM images to give 
various averages of the clay particles dimensions and shape. In all cases, the particles 
become smaller as the VA content of the matrix increases since the more favorable 
interaction with the matrix leads to better break down of the clay particle aggregates; 
however, the aspect ratio of the particles increase as the VA content increases. A simple 
composite model based on the Halpin-Tsai equations was used to show that there is rather 
good quantitative agreement between the predicted values of modulus calculated from the 
TEM results and that measured experimentally. 
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Chapter 8:  Morphology and properties of nanocomposites formed 
from poly (ethylene-co-methacrylic acid) ionomers and organoclays: 
effect of acid neutralization 
For non-polar polyolefins, uniform dispersion and effective exfoliation are 
particularly difficult to achieve due to the poor affinity of the polymer matrix for the 
hydrophilic silicate platelets. Considerable effort has been devoted to improving the 
exfoliation in these materials. Use of compatibilizers, such as maleated polypropylene or 
maleated polyethylene, is one of the popular choices [1-5]. Incorporation of polar 
comonomers like vinyl acetate [6-8] or methacrylic acid [9-12] is another attractive 
approach. Ionomers, such as those based on poly(ethylene-co-methacrylic acid) (EMAA), 
where some of the acid groups are neutralized to form metal salts, represent an extension 
of this approach. The presence of the ionic groups potentially creates favorable 
interactions between the polymer and the organoclay, resulting in a more exfoliated 
morphology. 
Various structural aspects of an ionomer matrix could have an effect on its ability 
to exfoliate the organoclays, such as molecular weight (melt index), acid content, type of 
acid, type of neutralizing ion and degree of neutralization. Previous studies by Shah et al. 
focused on the effect of different cations [13] and finding the best organoclay structure 
for a given sodium ionomer [14].  
In this study, our main focus is to explore the effect of the degree of neutralization 
of the acid groups on exfoliation and properties of nanocomposites formed from such 
materials. Several organoclays were used to form the nanocomposites to examine the 
effect of surfactant structure on exfoliation in EMAA-based ionomers. The morphology 
and mechanical properties of the resulting nanocomposites were characterized by tensile 
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stress-strain tests, Izod impact measurements, wide angle X-ray scattering (WAXS), and 
transmission electron microscopy (TEM) coupled with quantitative particle analysis. 
EXPERIMENTAL 
Materials 
The experimental ionomers were based on an EMAA copolymer containing 15 
wt% of methacrylic acid. The main series of materials are sodium ionomers with 
neutralization levels ranging from 20 to 70 %. However, a single potassium ionomer at a 
level of 80 % neutralization is also included. It should be noted that the high level of 
neutralization, the type of acids (a blend of three acid copolymers) in it, and the presence 
of the potassium cation rather than a sodium ion complicate comparisons with this series 
of sodium ionomers. These materials were produced by E. I. DuPont Company on a 
single screw extruder. Sodium ionomers were prepared with the injection of various 
stociometric amounts of sodium hydroxide (NaOH) solution into the hot polymer melt, 
and the potassium ionomer was prepared with the addition of a stociometric amount of 
K2CO3. A commercial grade of EMAA copolymer (Nucrel 925, 15 wt% acid content) 
was included as an unneutralized reference material. It should be noted that this acid 
copolymer is not the base resin used to form the ionomer materials, but is a higher 
molecular weight version in an attempt to keep the melt rheology more comparable to 
that of the ionomers.  
Several organoclays, M2(HT)2, M3(HT)1, and B1M2(HT)1, formed by cationic 
exchange between sodium montmorillonite (CEC = 92 meq/100 g clay) and various 
quaternary ammonium salts, were from Southern Clay Products, Inc. These organoclays 
were selected to explore the effects of the ammonium surfactant structure on the 
dispersion of the clay particles in various ionomer materials. The M2(HT)2 and M3(HT)1 
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organoclays allow a comparison of the effect of the number of long alkyl tails, while the 
M3(HT)1 and B1M2(HT)1 organoclays allow a comparison of the effect of having the 
bulky benzyl functional group versus a methyl group. Although several organoclays were 
included in this work,  the main emphasis was on ionomer nanocomposites prepared 
from the M2(HT)2 organoclay, which has been reported in previous work by Shah et al. 
[14] to be the most favorable organoclay for a commercial grade of EMAA ionomer with 
~40% neutralization of the acid groups, i.e., Surlyn® 8945. 
Processing 
Ionomer nanocomposites were prepared by melt compounding in a Haake, co-
rotating, intermeshing twin screw extruder (D = 30 mm, L/D = 10) at a screw speed of 
280 rpm with a feed rate of 1000 g/h, using a barrel temperature in the range of 200 to 
220 oC depending on the degree of neutralization of the ionomer. Ionomers and acid 
copolymer materials were dried in a vacuum oven for a minimum of 48 h prior to the 
compounding, while the organoclays were used as received. The desired amounts of clay 
and polymer were premixed before feeding to the extruder, and precautions were taken to 
minimize any losses of organoclay during the extrusion process to ensure that a 
predetermined polymer/MMT ratio was maintained. The ashing method, commonly used 
in prior studies from this laboratory [16-19] to determine the amount of montmorillonite 
in the nanocomposite, was not employed for these ionomers, since the burning of the 
polymer itself at 900 oC resulted in a hard, yellowish-green coating on the inside of the 
crucible reflecting some complex residue of the inorganic component of the ionomer. The 
amount of the residue varied from batch to batch, rendering this method useless for 
quantitative analysis.  
Tensile (ASTM D638) and Izod (ASTM D256) specimens were formed using an 
Arburg Allrounder 305-210-700 injection molding machine operated at a barrel 
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temperature of 210 oC and a mold temperature of 25 oC, with the injection and holding 
pressures both set at 40 bar. After molding, the specimens were immediately sealed in a 
polyethylene bag and placed in a vacuum desiccator for a minimum of 24 h prior to 
mechanical testing.  
Characterization 
Dynamic rheological measurements were performed using a Stresstech high 
resolution rheometer. Rheological properties of virgin ionomers were measured using 25 
mm diameter parallel plates in oscillatory shear mode. Complex viscosity was obtained 
as functions of angular frequency at 200 oC. The frequency sweep was over the range 
from 0.01 to 100 rad/s. A fixed strain of 0.02 was used to ensure that measurements were 
taken within the linear viscoelastic range. Experiments were conducted under a nitrogen 
atmosphere in order to minimize oxidative degradation of the specimens during testing. 
Differential scanning calorimetric (DSC) thermograms were recorded using a 
Perkin Elmer Model DSC-7 at a heating rate of 10 oC/min under an extra dry N2 
atmosphere over a temperature range of 0-140 oC. The predried virgin ionomer samples 
weighing about 8 mg were packed into aluminum pans, melted, and then kept in a 
desiccator for two weeks before the measurements. These pretreatments were conducted 
to remove previous thermal history and each sample experienced the same length of room 
temperature aging time, since a number of factors, such as moisture content and room 
temperature aging, can affect the details of the DSC thermograms [20-22].  
 
PROPERTIES OF NEAT IONOMERS 
Before discussing the morphology and properties of the nanocomposites, it is 
useful to examine the properties of the neat ionomers. 
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Melt viscosity 
Ideally, materials with similar melt viscosities should be selected to compare the 
effect of matrix chemical structure on organoclay exfoliation, since the melt rheology 
may affect organoclay exfoliation in polymer nanocomposites [23]; however, since the 
degree of neutralization has a strong effect on melt rheology, there is no simple way to 
produce a series of ionomers like those of interest here with similar melt viscosities. 
Oscillatory rheological measurements were performed at 200 oC on three partially 
neutralized sodium ionomers with neutralization levels of 30, 50, and 70% over an 
angular frequency from 0.01 to 100 rad/s, see Figure 8.1. As expected, all the polymers 
show Newtonian behavior at low frequency, while at higher frequencies the complex 
viscosity begins to decrease or show shear thinning. The melt viscosity increases 
dramatically as the neutralization level of the acid groups in the ionomer is increased; the 
low shear viscosity increased by more than one order of magnitude as the neutralization 
of the methacrylic acid groups increased from 30% to 70%. These results are consistent 
with the observations from previous reports [20, 24-26]. At the high shear rates used in 
melt processing, the effect of degree of neutralization on melt viscosity is not as great as 
the data in Figure 8.1 would suggest; however, this effect should not be ignored. To 
compensate for this, in part, the extrusion temperature was adjusted to keep the energy 
input to the mixing process, as indicated by the power consumption by the extruder, as 
close to constant as possible. That is, as the degree of neutralization increased, the 
extrusion temperature was increased. However, the effects of neutralization on melt 
viscosity, during melt processing, cannot be completely compensated in this way. 
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Figure 8.1: Complex viscosity for selected neat sodium ionomers with various 
neutralization levels as a function of frequency measured with a parallel 
plate rheometer at 200 oC. 
Differential scanning calorimetry (DSC) 
These ionomer materials have a complex morphology because of the aggregation 
of the ionic groups superimposed on the crystallinity stemming from ethylene sequences. 
The DSC scans shown in Figure 8.2 provide some insights about the structure of these 
materials.  
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Figure 8.2: DSC heating thermograms of selected neat ionomers with various 
neutralization levels at 10 oC/min. The curves are vertically shifted for 
clarity. 
Each of the four ionomers in Figure 8.2 shows two distinctive endothermic peaks. 
The one near 87 oC corresponds to the melting of crystallites formed from ethylene 
sequences ( mT ). The low temperature peak ( iT ) near 50 
oC was first reported by Marx 
and Cooper [27], and several interpretations have been offered [27-31] since then. While 
there is not complete agreement on the details of this peak, most believe it is associated 
with changes in the state of ionic aggregation.  
The peak temperatures and the enthalpy changes associated with each peak are 
shown in Table 8.1. For sodium ionomers, as the degree of neutralization increases, the 
mT  and the melting enthalpy ( mH∆ ) decrease, while iT  and the associated heat )( iH∆  
increase. These trends seem reasonable considering that increasing neutralization levels 
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would lead to greater ionic association and introduce more restrictions to crystallization 
of the ethylene sequences. The peak temperatures and heat of fusion for the highly 
neutralized potassium ionomer, do not lie on a simple extrapolation of the values for the 
sodium ionomers to higher neutralization level. The values of iT  and mT  are similar 
but mH∆  and iH∆  are much lower for this K-Ionomer than those of the 70 % 
neutralized sodium ionomer. 
Table 8.1: DSC results for neat ionomer polymers 
Sample Neutralization 
level (%) i
T  
(oC) 
iH∆  
(J/g) 
mT  
(oC) 
mH∆  
(J/g) 
Ionomer 2 
 
30 48.4 12.8 90.5 40.2 
Ionomer 4 
 
50 49.7 16.0 86.5 37.2 
Ionomer 6 
 
70 52.2 19.9 83.8 32.0 
Ionomer 7 
 
80 51.7 12.9 84.7 25.3 
 
Mechanical properties 
The mechanical properties of the neat polymers are plotted versus the degree of 
neutralization in Figure 8.3. The data points for the acid copolymer are connected with 
those of the sodium ionomers using dashed lines because this copolymer is not the base 
resin used to form the ionomers. The data for the potassium ionomer are included in the 
plots to show the extreme of a highly neutralized material, but these data points perhaps 
should be viewed separately from that of the sodium ionomers due to effects specific to 
the potassium cation. 
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Figure 8.3: Effect of neutralization level on mechanical properties of neat polymers 
used in this study: (a) tensile modulus, (b) elongation at break, and (c) 
impact strength. 
The tensile modulus, Figure 8.3 (a), increases significantly as the level of 
neutralization of acid groups increases, but the curve appears to plateau as the 
neutralization level reaches 40%. These trends are consistent with those reported 
previously [20, 26, 32]. The increase in modulus may be attributed to the increased 
volume of ionic aggregates which act as a reinforcing filler and increase the glass 
transition temperature [25, 33-35]. On the other hand, the elongation at break generally 
decreases with increasing neutralization levels as shown in Figure 8.3 (b). It is not clear 
whether the apparent minimum/ maximum at low degrees of neutralization suggested by 
these data is significant or not. However, the impact strength of the neat polymers, see 
Figure 8.3 (c), seems to mimic the trends in the elongation at break data to some extent. 
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The impact strength initially increases with neutralization, reaches a maximum at 30 % 
neutralization, then decreases with further neutralization, and may increase again. 
The tensile modulus and elongation at break for the potassium ionomer, which 
has 80 % of the acid groups neutralized, fall below the extended curves for the sodium 
ionomers, while impact strength of the K-Ionomer is significantly higher than the 
extension of the curve for the sodium ionomers, as seen in Figure 8.3. 
 
NANOCOMPOSITES 
Na-Ionomer/ M2(HT)2 organoclay nanocomposites 
Morphology 
WAXS scans of nanocomposites containing  ~ 5 wt% MMT formed from the 
EMAA copolymer and the sodium ionomers are shown in Figure 8.4; a scan for the neat 
M2(HT)2 organoclay is also included for comparison. The d -spacings calculated from 
the 001d  peak positions are summarized in Table 8.2. The scan for the neat organoclay 
reveals an intense peak around 2θ  = 3.6o, which is characteristic of the basal spacing of 
the modified layered silicate. The nanocomposites based on ionomers with low 
neutralization levels (0 to 30%) show distinctive peaks that are shifted to lower angles, 
compared to the organoclay itself; traditionally this is attributed to the intercalation of 
polymer into the clay galleries. For nanocomposites based on ionomers with higher 
neutralization levels, no obvious peak was observed; however, there are slight hints of 
curvature at lower angles as compared to the peak position of the neat organoclay. These 
results suggest that the organoclay exfoliation improves with the increased neutralization 
level of the acid groups in ionomers. It should be noted that the WAXS patterns in Figure 
8.4 show only one basal reflection for the organoclays, while higher order reflections 
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were also observed for the nanocomposite samples. The organoclay scans were made 
from powders while the nanocomposite scans were performed on the surface of injection 
molded samples. The high degree of orientation of clay platelets in the latter lead to 
multiple reflections, while the more random orientation in the organoclay powders do not 
[36]. 
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Figure 8.4: WAXS scans for pristine M2(HT)2 organoclay and nanocomposites 
containing ~ 5 wt% MMT formed from sodium ionomers with various 
neutralization levels. The curves are vertically shifted for clarity. 
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Table 8.2: Comparison of d -spacings for various nanocompositesa 
Polymer 
matrix 
Organoclay d -spacing 
( 001d ,nm) 
Polymer 
matrix 
Organoclay d -spacing 
( 001d ,nm) 
Polymer 
matrix 
Organoclay d -spacing 
( 001d ,nm) 
-- 2.42b -- 1.80b -- 1.92b 
EMAA 3.13 EMAA 1.41 EMAA 1.49 
Ionomer 1 3.34     
Ionomer 2 3.40 Ionomer 2 1.40 Ionomer 2 1.43 
Ionomer 3 --     
Ionomer 4 -- Ionomer 4 1.38 Ionomer 4 1.42 
Ionomer 5 --     
Ionomer 6 
M2(HT)2 
-- Ionomer 6 
M3(HT)1 
1.32 Ionomer 6 
B1M2(HT)1 
1.33 
a Nanocomposites for WAXS study all contain nominally 5 wt% MMT. 
b d -spacings here represent that of the neat organoclay. 
Table 8.3: Results of particle analysis of nanocomposites based on the M2(HT)2 organoclay (~ 5 wt% MMT) 
Polymer Neutralization 
level 
(%) 
Number 
of 
particles
analyzed
 nl  
(nm) 
nt   
(nm) 
wl   
(nm) 
wt   
(nm) 
ntl >< /  nn tl /  wtl >< /  ww tl /  
EMAA 0 580 231 11 300 23.3 28.1 20.6 34.9 12.9 
Ionomer 1 20 440 195 9.2 311 23.6 30.1 21.1 52.1 13.2 
Ionomer 2 30 534 189 8.8 287 28.4 30.4 21.4 53.4 10.1 
Ionomer 3 40 441 174 8.0 262 14.1 28.9 21.6 38.8 18.6 
Ionomer 4 50 517 160 6.9 230 12.7 32.1 23.0 62.9 18.2 
Ionomer 5 60 614 129 5.2 163 8.6 31.9 24.8 46.6 19.0 
Ionomer 6 70 667 126 3.8 167 6.2 44.2 33.4 73.1 26.7 
 192
Properly prepared TEM images offer direct visualization of the dispersion of the 
clay particles in nanocomposites. Figure 8.5 compares TEM images of nanocomposites 
formed from the M2(HT)2 organoclay and sodium ionomers with various degrees of 
neutralization; the montmorillonite content in all cases is nominally 5 wt%. Morphologies 
consisting of combinations of individual platelets and intercalated stacks of platelets are 
observed for all the nanocomposites, indicating good, but not complete, exfoliation of the 
organoclays. It appears that the particles are smaller and more numerous in 
nanocomposites based on ionomers with higher degrees of neutralization of the acid 
groups; for the ionomer that is 70 % neutralized, the organoclay exfoliation is 
significantly improved as compared to nanocomposites from EMAA copolymer and other 
sodium ionomers with lower neutralization levels. It appears that the ionic units promote 
exfoliation of the organoclay.  
 
 
(a) 
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Figure 8.5: TEM micrographs of nanocomposites containing ~ 5 wt% MMT based on 
the M2(HT)2 organoclay and prepared from EMAA copolymer and various 
sodium ionomers: (a) EMAA copolymer, (b) Ionomer 1 (20% neutralized), 
(c) Ionomer 2 (30% neutralized), (d) Ionomer 3 (40% neutralized), (e) 
Ionomer 4 (50% neutralized), (f) Ionomer 5 (60% neutralized), and (g) 
Ionomer 6 (70% neutralized). 
As mentioned earlier, one may argue that the increase in melt viscosity with 
increasing neutralization levels may also contribute to the better organoclay exfoliation. 
However, a close comparison of nanocomposites based on the ionomer with 30% 
neutralization clearly shows that  it has much better exfoliation than nanocomposites 
based on the unneutralized EMAA copolymer, and these two polymers have very similar 
melt index values. Thus, it can be concluded that there is a beneficial effect of ionic 
groups for facilitating organoclay exfoliation. 
For a quantitative and more convincing assessment of the level of organoclay 
exfoliation, detailed particle analyses were conducted on the TEM images using methods 
introduced in prior papers [6, 18]. For the best statistical reliability, a large number of 
particles (>500) were analyzed for each nanocomposite; the particle dimensions can be 
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averaged in different ways. The statistical results of the particle analyses for 
nanocomposites containing 5 wt% MMT are listed in Table 8.3. As reported previously 
[6, 37, 38], the aspect ratios calculated by averaging the values for each particle, 
ntl >< / and wtl >< / , are always larger than those calculated from the ratio of the 
corresponding average particle length and average particle thickness, i.e., nn tl /  and 
ww tl / . The ratio of number average particle length and thickness nn tl /  is generally 
larger than the ratio of the weight average particle length and thickness ww tl / ; however, 
the weight average aspect ratio calculated from the values for individual particles, 
wtl >< / , is always larger than the corresponding number average ratio, ntl >< / , as 
expected.  
Figure 8.6 suggests how the clay particles evolve as the dispersion improves: 
large clay particles get smaller in both length and thickness resulting in a higher particle 
density. Generally, as dispersion improves, there is a more rapid decrease in particle 
thickness than in particle length resulting in an increase in particle aspect ratio. Figure 8.7 
(a) shows the decrease in number average particle length ( nl ) and thickness ( nt ) as the 
degree of neutralization increases. Figure 8.7 (b) shows the corresponding increase in 
particle density and the aspect ratios, ntl >< /  and nn tl / . The particle size 
continuously decreases with increased degree of neutralization of the acid groups in terms 
of both particle length and thickness. Although aspect ratios do not change a lot with 
increased neutralization level, the particle density does increase progressively as the 
particle size decreases. From these results, it is clear that the organoclay exfoliation 
improves as the level of neutralization of acid groups increases.  
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Figure 8.6: Schematic illustration of the evolution of clay particles during the 
processing. 
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Figure 8.7: The effect of neutralization level on (a) particle length and thickness and (b) 
number average particle aspect ratio and particle density for Na-Ionomer 
nanocomposites at a fixed MMT content of ~ 5 wt%. 
Mechanical properties 
Figure 8.8 shows representative stress-strain curves for nanocomposites prepared 
from the M2(HT)2 organoclay and ionomer matrices with various neutralization levels. As 
the neutralization level in the neat ionomer materials increases, the association among the 
ionic units becomes stronger and the volume of ionic aggregates increases, causing the 
modulus to increase and the elongation at break to decrease. The stress-strain diagrams of 
the neat ionomers with 30% and 50% neutralization reveal distinct yield points while the 
neat ionomer with 70% neutralization does not. For all the nanocomposites, no distinct 
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yield point was observed. For each series of ionomer nanocomposites, the stress at most 
strain levels increases as the content of MMT increases.  
 Strain (%)
0 100 200 300 400 500
Te
ns
ile
 S
tr
es
s 
(M
Pa
)
0
5
10
15
20
25
30
0 % 
2.5 %
5 %
7.5 %
Ionomer (30% neutralized)/ M2(HT)2 organoclay
wt% MMT =
 
(a) 
 Strain (%)
0 50 100 150 200 250 300 350
Te
ns
ile
 S
tr
es
s 
(M
Pa
)
0
5
10
15
20
25
30
35
0 %
2.5 %
5 %
7.5 %
Ionomer (50% neutralized)/ M2(HT)2 organoclay
wt% MMT =
 
(b) 
 199
 Strain (%)
0 50 100 150 200 250
Te
ns
ile
 S
tr
es
s 
(M
Pa
)
0
10
20
30
40
0 %
2.5 %
5 %
7.5 %
Ionomer (70% neutralized)/M2(HT)2 organoclay
wt% MMT =
 
(c) 
Figure 8.8: Stress-strain diagrams for nanocomposites based on the M2(HT)2 organoclay 
and various sodium ionomers: (a) Ionomer 2 (30% neutralized), (b) Ionomer 
4 (50% neutralized), and (c) Ionomer 6 (70% neutralized). The crosshead 
speed was fixed at 5.1 cm/min. 
The moduli of nanocomposites formed from the M2(HT)2 organoclay and 
ionomers with various neutralization levels are compared in Figure 8.9 (a) as a function 
of their MMT content. As expected, the addition of the organoclay produces significant 
improvements in stiffness in all cases. 
Since the moduli of the neat ionomers vary a great deal with neutralization level, 
it is useful to examine the relative moduli of the nanocomposites. Generally the relative 
modulus reflects the level of organoclay exfoliation. However, the relative modulus is 
also a function of matrix modulus in addition to particle morphology, so caution must be 
exercised when making comparisons [9, 39]. Figure 8.9 (b) shows the relative moduli of 
nanocomposites with fixed clay loadings as a function of the neutralization level of the 
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matrix polymers. For the same reason mentioned earlier, the data points for the acid 
copolymer are connected to those of the sodium ionomers by dashed lines. As shown by 
TEM and WAXS, the organoclay exfoliation improves as the neutralization level 
increases; however, the relative moduli data show an apparent minimum at about 40 % 
neutralization. It is postulated that a combination of two effects lead to this trend. For 
nanocomposites with neutralization levels higher than 40%, the trend of better exfoliation 
with the elevated neutralization level leads to a greater reinforcing effect as one 
intuitively expects. The tensile moduli for the neat ionomers at these levels of 
neutralization (see Figure 8.3 (a)) are relatively similar. On the other hand, at 
neutralization levels less than about 40%, the relative moduli decrease with increasing 
neutralization. Note that the tensile moduli of the neat matrix polymers in these ionomer 
nanocomposites are very low but are strong functions of the neutralization level. 
Composite theory shows that at a fixed filler level, for a given filler aspect ratio, low-
modulus matrices lead to higher degree of reinforcement, i.e., mEE / , than matrices with 
higher mE ; this effect is much more significant when the matrix polymer is very soft [6, 
9, 39-41]. Thus, the decrease in mEE / with increasing neutralization, at levels below 
about 40 %, appears to stem from the relatively constant aspect ratio in this region, see 
Figure 8.7 (b), combined with the rapidly increasing mE  seen in Figure 8.3 (a). 
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Figure 8.9: Modulus and relative modulus of nanocomposites formed from the M2(HT)2 
organoclay and various sodium ionomers: (a) modulus as a function of 
montmorillonite content and (b) relative modulus as a function of 
neutralization level of ionomer matrices for nanocomposites with fixed 
MMT content.  
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Figure 8.10 (a) compares the elongation at break for nanocomposites made from 
the EMAA copolymer and the six sodium ionomers as a function of their MMT content. 
Generally, as the clay content is increased, ductility decreases for most of the 
nanocomposites; however, for Ionomer 5, which has half of its acid groups neutralized by 
sodium ions, the elongation at break first increases slightly with MMT loading, reaches a 
maximum at 2.5 wt% MMT and then decreases as more montmorillonite is added. The 
elongation at break data are plotted versus neutralization level for fixed MMT contents in 
Figure 8.10 (b). The data points for the acid copolymer are connected to those of the 
other sodium ionomers by dashed lines for the reason mentioned earlier. A trend of 
decreased ductility of nanocomposites as the clay content is increased can be clearly seen. 
However, the nanocomposites with a fixed MMT loading are simply mimicking the trend 
shown by the neat ionomers as the neutralization level changes.  
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(b) 
Figure 8.10: Elongation at break of nanocomposites formed from the M2(HT)2 
organoclay and various sodium ionomers: (a) as a function of 
montmorillonite content and (b) as a function of neutralization level of 
ionomer matrices for nanocomposites with fixed MMT content.  
Fracture toughness as judged by the Izod impact strength is an important property 
to be considered for some applications. Polymer nanocomposites based on polyolefins 
have been reported to have different impact values for the gate end and far end of 
injection molded Izod bars [17, 18]. Therefore, the impact strengths are averaged 
separately for the gate and far ends (see Figure 8.11). Generally, gate end samples show 
higher fracture energies than the far end samples; this could be a result of differences in 
platelet orientation between the far and gate ends. Interestingly, instead of seeing a 
continuous loss of fracture energy with increasing MMT content, maximum values are 
observed for nanocomposites containing about 2.5 wt% MMT in most cases. After this 
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maximum, addition of more clay leads to a decrease in the impact strength. These results 
are consistent with the previous reports from our laboratory [14, 42]. It has been shown 
that the maximum at low clay concentration is due to the opposing effects of increased 
stiffness and yield strength versus reduced ductility.  
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Figure 8.11: Impact strength of nanocomposites formed from the M2(HT)2 organoclay 
and various sodium ionomers as a function of montmorillonite content: (a) 
gate end and (b) far end. 
Composite Model Predictions of Modulus 
Theoretical modeling is an appealing approach for the design of polymer 
composite systems, and numerous models [40, 43-45] have been proposed for predicting 
the properties of composites and for correlating experimental data with such predictions. 
One might question whether such theories can predict the behavior of composites based 
on nano-sized fillers; however, previous papers [6, 9, 41, 46] have shown this to be a 
useful approach. 
The Halpin-Tsai equations are employed in this work to predict the tensile 
modulus of nanocomposites from the neat component properties and the particle aspect 
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ratios as determined by quantitative particle analysis of TEM images. The expression for 
the longitudinal modulus [9, 41, 47] is 
ηφ
ηφ
p
p
m
TH tl
E
E
−
+=
−
1
)/(21)(
                                                   (1) 
where pE and mE  are the modulus values of the filler particle and matrix polymer 
respectively, pφ  is the volume fraction of the filler particles, ( tl / ) represents the filler 
aspect ratio, and η  is given by  
)/(2)/(
1)/(
tlEE
EE
mp
mp
+
−=η                                                                               (2) 
In the model calculations, there are generally two ways of treating the filler 
particles. One is to boldly assume good exfoliation (method 1) with the MMT platelets 
themselves treated as the reinforcing filler particles. In this case, MMTp EE =  = 178 GPa 
[41] and 017.0== MMTp φφ  at 5 wt% MMT. 
Another way is to consider the partially exfoliated clay particles as parallel 
arrangements of MMT platelets and gallery material as described in previous reports [6, 
9, 37, 41, 47, 48] (method 2). The tensile modulus of such an effective particle can be 
estimated by using the following rule of mixtures  
gallerygalleryMMTMMTp EEE ×+×= νν                                          (3) 
where MMTν and galleryν are the volume fraction of montmorillonite and the gallery space 
in the effective particle, while MMTE  and galleryE  are their corresponding moduli. The 
volume fraction of MMT platelets, MMTν , is calculated as the ratio of the thickness of an 
individual platelet and the d -spacing of the nanocomposite as determined by the WAXS 
analysis,  
001d
t platelet
MMT =ν                                                           (4) 
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Considering that the modulus of the organic material in the gallery is significantly 
smaller than the modulus of the MMT platelets, equation (3) reduces to 
MMTMMTp EE ×=ν                                                        (5) 
The volume fraction of the filler particles in the composites can be estimated as 
MMT
MMT
p ν
φφ =×=
MMT of volume
particlefiller  of volume
itenanocompos of volume
MMT of volume                  (6) 
So in this case, the 001d  values determined by WAXS are needed for the 
prediction using method 2. It is easy to determine the d -spacing from WAXS scans of 
nanocomposites based on matrices with low degrees of neutralization; however, at higher 
levels of neutralization, there are no distinctive peaks shown in the WAXS scans. Thus, 
there is no way to apply the partially exfoliated particle assumption for nanocomposites 
formed from ionomers with 40 to 70 % neutralization; only the tensile moduli of the 
nanocomposites formed from EMAA copolymer and sodium ionomers with 20 and 30 % 
neutralization were predicted using this method. The parameters involved in the model 
calculations for these nanocomposites containing ~5 wt% MMT are listed in Table 8.4.
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Table 8.4: Parameters used in the Halpin-Tsai Model (method 2) 
Polymer 
matrix 
Organoclay d -
spacing 
( 001d ,nm)
Vol. 
fraction 
of 
MMT 
in 
particle
( MMTν ) 
Modulus 
of 
particle 
( pE , 
GPa) 
Modulus 
of the 
polymer 
matrix 
( mE , 
MPa) 
Weight fraction 
of MMT in 
nanocomposites 
(%) 
Vol. fraction of 
the filler in 
nanocomposites
( pφ ) 
EMAA M2(HT)2 3.13 0.300 53.4 61 5 0.0556 
Ionomer 1 M2(HT)2 3.34 0.282 50.1 169 5 0.0590 
Ionomer 2 M2(HT)2 3.40 0.276 49.2 263 5 0.0601 
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Figure 8.12 compares the experimental relative moduli of nanocomposites with 
those predicted by the Halpin-Tsai equations using both methods for composites prepared 
from the unneutralized acid copolymer and the sodium ionomers with 20 and 30 % 
neutralizations; nanocomposites formed from ionomers with higher neutralization levels 
are not included due to the unavailability of estimates for 001d . The predictions using 
both methods are shown for a series of aspect ratios, 10, 20, 30, and 40, which span the 
range of the various experimental aspect ratios determined from the TEM images. Each 
prediction line shows a declining trend with the increase of neutralization level due to the 
increase in modulus of the matrix polymer; this quantitatively illustrates the previous 
argument that a given filler aspect ratio would produce more significant reinforcing effect 
in a softer matrix. It appears that predictions using method 1 fit the experimental data 
more closely, but it should be noted that this assumes the effective particles are single 
platelets which is obviously not realistic. On the other hand, the predictions by method 2, 
which assumes the intercalated structure of the effective particles and results in 
significantly increased volume fraction and decreased modulus of these effective filler 
particles, overestimate the moduli of these composites. These results actually suggest that 
the volume fraction of the filler particles has a more significant effect than does the 
modulus of the particles on the predicted moduli. The discrepancies between the 
experimental measurements and the Halpin-Tsai predictions are possibly due to the 
incomplete orientation of the clay platelets and the inadequate parameter estimations 
used, such as the volume fraction and modulus of the effective particles [37]. 
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Figure 8.12: Comparison of experimental relative modulus of nanocomposites with 
predictions by the Halpin-Tsai Model. 
Na-Ionomer/ M3(HT)1 or B1M2(HT)1 organoclay nanocomposites 
According to the results of Shah et al. [14], the M2(HT)2 organoclay is the most 
effective organoclay for a commercial grade of sodium ionomer with ~40% 
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neutralization, Surlyn® 8945. This section compares the relative effectiveness of some 
other organoclays for sodium ionomers with other degrees of neutralization. 
Morphology 
Figure 8.13 shows WAXS scans for nanocomposites containing ~5wt% MMT 
made from the M3(HT)1 and B1M2(HT)1 organoclays and sodium ionomers with 0, 30, 50 
and 70 % neutralization, along with a scan of each organoclay for comparison. In every 
case, the nanocomposite scans show basal reflections indicating the presence of 
organoclay tactoids with high enough order and concentration to diffract X-rays. More 
interestingly, these characteristic peaks shown by nanocomposites all shift to the right, 
higher angles, with respect to that of the pure organoclays, which is indicative of a 
decrease in organoclay interplatelet spacing. The d -spacing for the nanocomposites 
made with the M3(HT)1 organoclay decreases from 1.80 to 1.41-1.32 nm, while for the 
B1M2(HT)1 organoclay there is a similar decrease from 1.92 to 1.49-1.33 nm (see Table 
8.2). The decrease in the interplatelet spacing of the organoclay is generally attributed to 
the loss of mass from the organoclay galleries. This has been attributed to thermal 
degradation of the surfactant [6, 13, 49]. In the present case, another possible explanation 
may involve an ion exchange process between the organoclay and the ionomer, wherein a 
few of the bulky quaternary ammonium ions of the organoclay are replaced by the 
smaller metal cations of the ionomers, thus reducing the d -spacing of the organoclay 
[13].  
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Figure 8.13: WAXS scans for a) M3(HT)1 and b) B1M2(HT)1 pristine organoclays and 
nanocomposites containing ~ 5 wt% MMT formed from sodium ionomers 
with various neutralization levels. The curves are vertically shifted for 
clarity. 
 213
Figures 8.14 and 8.15 show TEM images of nanocomposites formed from the 
M3(HT)1 and B1M2(HT)1 organoclays containing ~5 wt% montmorillonite. The 
morphology of the ionomer nanocomposites from these one tail organoclays reveals large 
agglomerations of stacks of platelets. The dispersion of the B1M2(HT)1 organoclay is 
relatively better than that of the M3(HT)1 organoclay; however, nanocomposites prepared 
from these two organoclays both exhibit much poorer exfoliation or dispersion of the 
organoclay than ones prepared from the M2(HT)2 organoclay. It is difficult to make 
quantitative analyses of the relative effectiveness of organoclay exfoliation in 
nanocomposites formed from ionomers of varying neutralization levels since the poor 
dispersion significantly reduces the number of clay particles that can be used for image 
analysis. 
 
(a) 
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(b)                                  (c) 
Figure 8.14: TEM micrographs of nanocomposites containing ~ 5 wt% MMT based on 
the M3(HT)1 organoclay and prepared from EMAA copolymer and various 
sodium ionomers: (a) EMAA copolymer, (b) Ionomer 2 (30% neutralized), 
and (c) Ionomer 6 (70% neutralized). 
 
 
 
(a) 
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(b)                                  (c) 
Figure 8.15: TEM micrographs of nanocomposites containing ~ 5 wt% MMT based on 
the B1M2(HT)1 organoclay and prepared from EMAA copolymer and 
various sodium ionomers: (a) EMAA copolymer, (b) Ionomer 2 (30% 
neutralized), and (c) Ionomer 6 (70% neutralized). 
Stress-strain analyses 
Figure 8.16 compares the effect on the stress-strain curves caused by adding 
various organoclays (~5 wt% MMT) to the sodium ionomers with 30 and 70 % 
neutralization. In both matrices, at most of the given strains, the highest stress is always 
shown by nanocomposites prepared from the M2(HT)2 organoclay. The stress for 
nanocomposites prepared from the M3(HT)1 organoclay is only slightly higher than that 
of the neat polymer. The stress of nanocomposites prepared from the B1M2(HT)1 
organoclay fall in between these limits. On the other hand, the elongation at break of the 
nanocomposites decreases in the order M3(HT)1 > B1M2(HT)1 > M2(HT)2 as the 
organoclay structure is varied. Thus, it is concluded that organoclay exfoliation and 
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reinforcing effectiveness rank in the order of M2(HT)2 > B1M2(HT)1 > M3(HT)1 for all 
the ionomers regardless of neutralization level.  
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Figure 8.16: Stress-strain diagrams for nanocomposites formed from various organoclays 
and sodium ionomers: (a) Ionomer 2 (30% neutralized) and (b) Ionomer 6 
(70% neutralized). The crosshead speed was fixed at 5.1 cm/min. 
K-Ionomer nanocomposites 
A series of nanocomposites based on potassium ionomer, K-ionomer, were 
prepared and evaluated. 
Figure 8.17 shows TEM images of nanocomposites formed from various 
organoclays (~ 5wt% MMT) and the K-Ionomer. The trends are similar to those shown 
by sodium ionomers in that nanocomposites formed from the M2(HT)2 organoclay have 
the best organoclay exfoliation; however, some large clay particles are observed along 
with thin particles in this sample. The organoclay exfoliation is not as good as that in the 
nanocomposite formed from the sodium ionomer with 70 % neutralization and the 
M2(HT)2 organoclay. The K-Ionomer nanocomposite formed from the M3(HT)1 
organoclay has very large particles. The composite formed from the B1M2(HT)1 
organoclay has somewhat better exfoliation than those from the M3(HT)1 organoclay but 
not as good as that for the nanocomposite from the M2(HT)2 organoclay.  
 
(a) 
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(b)                                  (c) 
Figure 8.17: TEM micrographs of potassium ionomer nanocomposites containing ~ 5 
wt% MMT based on various organoclays: (a) M2(HT)2 , (b) B1M2(HT)1, and 
(c) M3(HT)1. 
The relative moduli of the nanocomposites based on the K-Ionomer are shown in 
Figure 8.18. Consistent with the TEM observations, nanocomposites based on the 
M2(HT)2 organoclay show the greatest reinforcement; however, the relative moduli of 
these K-Ionomer/ M2(HT)2 nanocomposites are much lower than that of any of the Na-
Ionomer/ M2(HT)2 nanocomposites. The composites based on the M3(HT)1 organoclay 
have the least improvement, and the composites based on the B1M2(HT)1 organoclay fall 
in between.  
 219
MMT (wt%)
0 2 4 6 8 10
R
el
at
iv
e 
M
od
ul
us
 (E
/E
m
)
0.8
1.0
1.2
1.4
1.6
1.8 K-Ionomer (80% Neutralization)
M2(HT)2
Organoclay: 
B1M2(HT)1
M3(HT)1
 
Figure 8.18: Relative modulus as a function of montmorillonite content of 
nanocomposites formed from various organoclays. 
As shown in Figures 8.17 and 8.18, no matter which organoclay is used to form 
nanocomposite from the K-Ionomer, the exfoliation and tensile properties are not as good 
as those formed from Na-Ionomers in spite of the fact that the neutralization level (80 %) 
of the K-Ionomer is higher; this is in opposition to what might be expected based on the 
extrapolation of the Na-Ionomers to higher neutralization levels. Apparently, the 
interaction between the potassium ionomers and the organoclay is less favorable than that 
with sodium ionomers It has been reported that the affinity of montmorillonite platelet 
surface for potassium cations is weaker than for the sodium cations [50].   
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CONCLUSIONS 
Morphology and mechanical properties of the EMAA-based ionomer 
nanocomposites are presented and discussed to obtain insights about the effect of the 
degree of neutralization of acid groups on the organoclay exfoliation. 
An ethylene/metharylic acid copolymer and various related ionomers were 
formed into nanocomposites by melt mixing with organoclays using a co-rotating twin 
screw extruder. The differences in the rheology of these ionomers were partially 
compensated by varying the extrusion temperature according to the neutralization levels 
of these materials. TEM and WAXS results both reveal a mixed morphology of 
exfoliated structures and organoclay tactoids for all the nanocomposites formed. As 
reported previously [14], the M2(HT)2 organoclay gives the best exfoliation compared to 
two one-tailed organoclays, M3(HT)1 and B1M2(HT)1 organoclays. Thus, emphasis was 
on ionomer nanocomposites formed from the M2(HT)2 organoclay. The exfoliation of the 
M2(HT)2 organoclay progressively improved as the neutralization level of the sodium 
ionomers was increased. The subsequent particle analyses quantitatively confirmed this 
conclusion by showing decreased particle length and thickness and increased particle 
aspect ratios and particle density with the increasing neutralization level. It seems that the 
ionic units on the polymer chain provide a more favorable interaction between the 
polymer matrix and the organoclay compared to acid units and, thus, lead to better 
dispersion of the clay particles. Mechanical properties were generally consistent with the 
morphology shown by TEM and WAXS. Better exfoliated nanocomposites usually show 
higher levels of reinforcement and reduced elongation at break. The trends in relative 
moduli of the nanocomposites can be qualitatively explained by composite theory in 
terms of how neutralization level affects aspect ratio and the modulus of the ionomer 
matrix; however, the Halpin-Tsai equations do not quantitatively agree well with the 
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experimental data. The discrepancies may be due to the incomplete orientation of the clay 
platelets and the inadequacy of the parameter estimations used. The same preference 
sequence over organoclay type was found in nanocomposites formed from a potassium 
ionomer; however the organoclay exfoliation was not as good as what can be achieved 
with sodium ionomers, which might be attributed to a lower affinity of the potassium 
ionomer for the organoclay. 
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Chapter 9:  Conclusions and recommendations 
CONCLUSIONS 
A number of fundamental issues associated with the melt processing of polymer 
nanocomposites were addressed in this dissertation. Thermal degradation of both the 
organoclay and the polymer matrix is one of the major concerns especially due to the 
melt processing technique employed in this study. Another major part of this project was 
dedicated to improving the organoclay exfoliation in non-polar polyolefin matrices. 
A detailed characterization of the thermal degradation of several commercial and 
experimental organoclays often used to form polymer nanocomposites and how their 
degradation processes are altered by simple purification schemes were reported. The 
thermal degradation of organoclays made from various surfactants was studied by NMR 
spectroscopy and thermogravimetric analysis. The NMR data suggest that the surfactants 
and the organoclays derived from them decompose primarily via nucleophilic attack by 
chloride anions; however, if the residual chloride anions could be completely removed 
from the organoclay, we believe the primary degradation pathway would switch to an 
elimination-type mechanism. Most as-received organoclays contain excess surfactant, as 
well as the ionically attached surfactants, which resides in the clay galleries. Washing the 
organoclay with methanol generally improves the thermal stability of the as-received 
organoclays. Ionically bound surfactants are more thermally stable than the neat 
surfactant associated with Cl- anion. Surfactants and organoclays with various number of 
alkyl tails have similar thermal stabilities. The substituents on the ammonium cations 
may also influence the thermal stability of neat surfactants as well as organoclays which 
contain them.  
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The purification level and surfactant loadings of organoclay significantly affect 
their thermal stability; however, broadly speaking, the results from the various 
characterization techniques are consistent with each other suggesting that these 
differences in thermal stability do not appear to have much effect on the morphology and 
properties of the polypropylene and PA-6 nanocomposites formed from them. 
Organoclays based on ammonium-type and imidazolium-type surfactants were shown to 
have significantly different thermal stabilities. These organoclays were also used to form 
PA-6 and PC nanocomposites. Based on the results in this study, it seems that the thermal 
stability of organoclays is not the key factor in organoclay exfoliation in melt processed 
polymer nanocomposites, since the exfoliation /dispersion process may have been 
completed on a time scale before the degradation of surfactant progresses to a detrimental 
level. However, for commercial purposes, minimization of degradation may be desirable 
for safety reasons. 
Polymer nanocomposites have been made from a variety of polymers; however, 
few matrices have demonstrated the ability to readily exfoliate the organoclay as well as 
nylon 6, especially for highly hydrophobic materials like polyolefins. Considerable effort 
has been devoted to improving the exfoliation in polyolefins. Use of compatibilizers, 
such as maleated polypropylene or maleated polyethylene, is one of the popular choices. 
Incorporation of polar comonomers like vinyl acetate or methacrylic acid is another 
attractive approach. 
Some amine funtionalized PP materials were produced by reactive melt blending 
of PP-g-MA with 1, 12-diaminododecane followed by acid protonation and their 
effectiveness as compatibilizers for PP nanocomposites using conventional melt 
processing techniques was tested. It appears that the polar –NH2 group or the ionic –
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NH3+group apparently do not provide a better interaction for exfoliation of the 
organoclay than does the anhydride units of the starting PP-g-MA material. 
Nanocomposites based on a series of EVA copolymers containing 0 to 40% VA 
and three organoclays, M2(HT)2, M3(HT)1 and (HE)2M1T1 were studied as a model 
system to explore how the affinity between the organoclay and EVA copolymers changes 
with VA content. As reported previously, the organoclay based on the surfactant with two 
alkyl tails, M2(HT)2, gives the best exfoliation in low density polyethylene, LDPE. For 
the organoclay based on surfactant with a single alkyl tail, M3(HT)1, leads to slightly 
better exfoliation than the one containing hydroxy ethyl groups, (HE)2M1T1. As the vinyl 
acetate content of the EVA copolymers is increased, the degree of exfoliation for all these 
organoclays is dramatically increased. Up to 40 wt% VA, the organoclay with two alkyl 
tails always gives better exfoliation than either organolcay with a single tail. However, 
the relative advantage of the two tails versus one tail seems to diminish with increased 
VA level, but the advantage is never reversed indicating that even at 40 wt% VA, EVA 
copolymers interact with the organoclay more similar to polyolefins than polyamides 
which give better exfoliation with organoclays based on surfactants with a single tail. As 
the VA content increases, the relative advantage of M3(HT)1 versus (HE)2M1T1 seems to 
reverse but the effect is not large. The hydroxyl groups on the (HE)2M1T1 organoclay 
may interact with the EVA polar groups or the silicate surface, and this competition may 
account for some of this behavior. A simple composite model based on the Halpin-Tsai 
equations show that there is rather good quantitative agreement between the predicted 
values of modulus calculated from the TEM results and that measured experimentally. 
Morphology and mechanical properties of the EMAA-based ionomer 
nanocomposites are presented and discussed to obtain insights about the effect of the 
degree of neutralization of acid groups on the organoclay exfoliation. TEM and WAXS 
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results both reveal a mixed morphology of exfoliated structures and organoclay tactoids 
for all the nanocomposites formed. As reported previously, the M2(HT)2 organoclay gives 
the best exfoliation compared to two one-tailed organoclays, M3(HT)1 and B1M2(HT)1 
organoclays. Thus, emphasis was on ionomer nanocomposites formed from the M2(HT)2 
organoclay. The exfoliation of the M2(HT)2 organoclay progressively improved as the 
neutralization level of the sodium ionomers was increased. The subsequent particle 
analyses quantitatively confirmed this conclusion by showing decreased particle length 
and thickness and increased particle aspect ratios and particle density with the increasing 
neutralization level. It seems that the ionic units on the polymer chain provide a more 
favorable interaction between the polymer matrix and the organoclay compared to acid 
units and, thus, lead to better dispersion of the clay particles. Mechanical properties were 
generally consistent with the morphology shown by TEM and WAXS. Better exfoliated 
nanocomposites usually show higher levels of reinforcement and reduced elongation at 
break. The trends in relative moduli of the nanocomposites can be qualitatively explained 
by composite theory in terms of how neutralization level affects aspect ratio and the 
modulus of the ionomer matrix; however, the Halpin-Tsai equations do not quantitatively 
agree well with the experimental data. The discrepancies may be due to the incomplete 
orientation of the clay platelets and the inadequacy of the parameter estimations used. 
The same preference sequence over organoclay type was found in nanocomposites 
formed from a potassium ionomer; however the organoclay exfoliation was not as good 
as what can be achieved with sodium ionomers, which might be attributed to a lower 
affinity of the potassium ionomer for the organoclay. 
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RECOMMENDATIONS 
d -spacing reduction of organoclays during melt processing (14
o
A  phenomena) 
A very interesting phenomenon was observed repeatedly in several prior studies 
and probably worthy of some deeper investigation. When an organoclay with only one 
long alkyl tail is used as filler to form polymer nanocomposites through melt processing, 
no matter whether exfoliated strctures can be formed or not, the X-ray scannings of those 
nanocomposites tend to show shifting of the characteristic peak to the right, higher 
angles, relative to the peak position of the corresponding neat organoclay, indicating 
collapse of the interlayer galleries. This phenomenon was often observed in polyolefin 
and modified polyolefin based nanocomposites. It has been observed in EVA and 
ionomer nanocomposites from one tail organoclays. This was first [1] attributed to the 
thermal degradation of the surfactant in the organoclay based on the shifting of the peak 
position to higher angles with increasing melt processing temperature of the polymer 
nanocomposites. However, similar trends of peak position shifting were observed for 
EVA naocomposites [2], and they were processed at 170oC, where the thermal 
degradation of the surfactant should not be severe at all. Furthermore, the continuous 
shift to lower d -spacing with increasing VA content is also difficult to explain unless, of 
course, there is some chemical process by which the presence of VA units contribute to 
surfactant degradation. In ionomer nanocomposites from the one tail organoclays, a 
similar phenomenon was observed [3, 4]. Besides the possible thermal degradation, we 
suspected that there might be some ionic exchange reactions going on during the melt 
processing. In all the cases, where this shifting of peak to higher angles happened, their 
interlayer galleries tend to be reduced to around 14
o
A . An X-ray diffractometer equipped 
with a heating stage will be useful to study the change of d -spacing of organoclays upon 
 230
heating. Labs at Penn State [5] reported a static melt intercalation technique used to form 
fairly well exfoliated nanocomposites. It would be interesting to make a comparison of 
extruded samples to the samples formed from the static melt intercalation technique, 
which rules out the shearing effect during melt processing.  
Further study on imidazolium organoclay and its nanocomposites 
In Chapter 5, the idea of using an imidazolium surfactant modified organoclay to 
form PA-6 and PC nanocomposites was tested; however, no identifiable advantage was 
discovered by switching from a conventional ammonium organoclay to an imidazolium 
organoclay. In PC/imidazolium organoclay naoncomposites, we even observed a 
tendancy of more severe degradation of PC molecules. With a closer examination on the 
chemical structure of the imidazolium surfactant used in this study, we notice that there is 
a “C-2” proton in the imidazolium cation, and this hydrogen is acidic and the carbene 
formed after the losing of the “C-2” hydrogen is necleophilic and may attack the PC 
molecules and cause the degradation. It would be helpful if we could synthesize an 
imidazolium surfactant, in which the “C-2” hydrogen is replaced by an alkyl substituent. 
It has been reported that the imidazolium cation with “C-2” substitution is even more 
thermally stable [6, 7] and using it to modify the MMT might result in a very promising 
organoclay filler which helps minimizing the PC degradation during melt blending with 
organoclays.  
Ionomers – polymeric cations and anionic counter-ions 
An ionic polymer is formed by the interaction between anionic and cationic 
moieties [8]. Most commonly one is polymeric while the other is a counter-ion. The 
EMAA based ionomers covered in this PhD project can be identified as polymeric anions 
and cationic counter-ions, which are formed by neutralizing the acid groups in the EMAA 
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copolymer with various amounts of base. The ammonium grafted polypropylene (PP-g-
NH3+) involved in Chapter 6 to some extent can be looked on as a polymeric ammonium 
cation and chloride anionic counter-ion. Different from the EMAA ionomers, this 
ammonium grafted polypropylene was formed by protonation of the amine functional 
groups with an inorganic acid. Although the organoclay exfoliation in this ammonium 
grafted materials (with results shown in Chapter 6) was not as satisfactory as that 
delivered by PP-g-MA, the protonation did render some beneficial effects compared to its 
amine counterpart. The weight percentage of the ammonium group in the current study is 
far below 1 %. It might be marginally helpful for the organoclay exfoliation with higher 
concentration of the ammonium units incorporated in either the polymer matrix or the 
compatibilizer. The ammonium group in the PP-g-NH3+ is pendant to the polymer chain, 
it would be also interesting that we compare the relative effect of the ammonium units 
incorporated in the polymer chain on clay exfoliation by using materials such as ionenes 
(see Figure 9.1).  
N+
R
R
(CH2)n N+
R
R
(CH2)n
 
Figure 9.1: Chemical structure of ionenes. 
Change of ionic cluster with the presence of organoclay 
From the results in Chapter 8, we know that the ionic units in the EMAA based 
ionomer are beneficial for the organoclay exfoliation. However, the predictions using 
Halpin-Tsai equations tend to overestimate the tensile modulus of these ionomer 
nanocomposites. We attributed this inconsistency to the incomplete orientation of the 
clay platelets and the inadequacy of the parameter estimations used. However, the similar 
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predictions of tensile modulus of EVA nanocomposites fall pretty close to the 
experimental data. This made me think of the possibility of changing of ionic aggregates 
structure with the addition of the organoclay, similarly like the possible change of 
crystallinity and form of crystallite caused by the inclusion of organoclay, which can not 
be captured by the Halpin-Tsai predictions. SAXS and DSC are both possible approaches 
[9-11] to quantify this change; however, cautions need to be taken before the 
measurement, and the samples for the measurements are better prepared at similar time to 
minimize the complicacy of room temperature aging and other effects [9, 12, 13] of the 
ionomer materials. It would be interesting if we could image the ionic clusters in both the 
neat ionomer and its nanocomposites using TEM. The observation of ionic clusters by 
TEM has been reported [14]. A sample image is shown below in Figure 9.2. The 
successful and high quality imaging of the ionic cluster is not easy. It might be easier to 
start with the zinc ionomer, since the higher atomic number of these metallic atoms will 
offer a better contrast for the imaging. To compare the density of these ionic clusters in 
various samples, keeping the thickness of the slices consistent is very important, since the 
length scale of these ionic clusters are around 10nm or less [15], while the typical 
microtomed slices would be 50-80 nm, which contain several layers of ionic spheres.  
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Figure 9.2: TEM images of zinc-EMAA based ionomer (MA content = 15 wt%, 
neutralization =~ 55%) / M2(C18)2 clay nanocomposites. The enlarged parts 
shown is from the the nano-sized ionic aggregates in the original images. 
(This figure was reproduced from reference [14].) 
EMAA based ionomers to be used as compatibilizer for polyolefin/organoclay 
nanocomposites - miscibility issue 
In Chapter 8, the beneficial effects of the ionic units in the ethylene acid 
copolymers on clay exfoliation are proposed and proved by direct experimental results. In 
our case, the ionic groups were incorporated in the acid copolymers and these materials 
were used consequently as polymer matrices to form organoclay nanocomposites. Can 
these ionomers work as compatibilizers and promote the clay exfoliation in polyolefin 
based composites? Before we go too far in this directly, we had better first look at the 
miscibility of the ionic polymers and polyethylenes. It is known that in ionomer-
homopolymer blends, the ionomers are phase-seperated from the homopolymer matrix. 
However, if the ionomer and the homopolymer share the same type of segments, the 
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blending should not result in weakening of the mechanical properties of the 
homopolymers as it may in other two-phase systems [16]. 
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